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IXTROD[-C’TIt)X

Tllr(I(’ ~-(’il~+ii~() tilt’ JIi(.r(~(,lt’(.rll)llics Pr(w(willg F-a(ility ( 31PF ). ]~illt of t Ill’ (1~’(.tl~ll

i{.> s(.i(’11(.(’ ;]]1(1 t(’~llllol(jg~ (Iivisi(]ll ;It tll(’ X;IViil R(h~i’il~(.11 l,ill)()~ilt()l}. ( XRL ). <~x]):IIIilI{l

its f~lllcti(m~ to illcl~l(h’ ]Jro(lll(.tioll” of Iliicr(wlrll(.1 lir[’>. TINI Ill;lili i]lttw’st ~~ils to (1{’siqll

;Lli(l Lll)rit.iltt’ I:lS(’I’ t;llg(’ts fi~l”t’xl)tvilllt’ills 011 tll(’ \RL Lil~(.~ Plii~ll~ii l;II).s 1,:)1~.1. S(1

gl:ls> PII:IYOS 111 1;1s(’1’;111(1otll(’1 l;!W’1* 115(’(1 Ill’ tllc’ Sl)il(.t’ S(.i(’1](.t ;III(I I’!it+ll];l I’llysi[.s I)i

~.isio]ls. Tliis I)ill)(’1 will ill(.lll(ltl i) (1~’scril)tiol) of tll[’ X1l>F illl(l its (.i\l)ill )ilititls. s,)lllt’ t’~

illll]llt’5 of sllC(.t’~sfllll~ 1)10(111(.(’(1 !ill’~(’t5. (lt’tili]~ of t]ll’ fil”l)l”i(’iltioll of ollt, I)ill’ti(.111:11’1:11.,&(,l.

;111(1;1 ;)ri(’f (liw.tls~ioll of M)lll(’ of tilt’ 11(’W’])l’()(. (’ss1’s:111(1S;lllll )1(%tllill ill’(’ I)t’; n:; (l(’l”(’lo])(’(l.

\ I 1(-’I~() l: Li:~T?{oxl.(’s PIJJ)(’ ~s.s 1.s.(;. .F.>CII<l.T}.

‘111(’ \II)E’ t~:ls (Mi,qill;illy s(’t Ill) to fill) l”i(’;ltt’ (w])t’rilll(’111:11 t’1(’(.tr(u)i(. :.ll’1l(.l IIH’S illl(l

i]]t(’~~iltt.(1 (-ir(’ll its foI tl]t’ ~;~l.iolls l:II)s ilt .N”I{L. .A(l(liti(ul; ll ~1111(.t.i(ulsII(J\V i]lilll(l~’: liliikill~

Si ;111(1C;;l.4S I!’St (l(”vi(.(’s for I’(’liil!)ilily Slllilit’s, I]lo(lt’llillg (1(’i”i(.t’s, ill!(l sllI(lJ ill,< II]( (iy,’(.ls

of llf)sti]f. t,llvilolllllt’llts.
,,, .

~11(.11;1,+I;l[ 1;111011 (’lft’(.l S, 011 (l(’VI(.(’ l)tml’fOl’lllilll (.(’. ‘1’11(’\ll’1.’ ik

oy~;ltliz,tv] into sfv.li(~ll~ for:

I tvltll \’:\l,ll) :,1,(I (;l):\ lv[)l]iht:lli,,li:.● \’:\.S II: ISIW1(’:11) (.[ullllilllv

,.
● l“, II II;II II \I”lIIII III, 11.11111, (’:lllll)li(l,gf, l.; ll\ll I’ (i. l”J;IIII .11”,01, ,III,K ,-11~11ll;llll~lv[il(,l’l

● 1111(11!llllll[ ll’,l; l])ll}” 1151111’ ll{~fll I](,ll,;llit(. ~lill] 1)():.iliv,, It,.i.=[,,



III ;i(l(liti(ul to i]]-llolts(” c;l])al)ili[ it+. t]JI’ ~Ip~ ;1]S() II;IS il(”(’(’Sk to S0111(” tt+lil]g ;IIiIl

l)rt)<lllctioll (vlllil)lll(’111 l(N’;II(YI ill otll(’r (Iit”isiolls iIt SRL. S()]]1(’ xll;ltt’ri;ils (~x.jol)s ill(’

.ol~t;~ill~{l frolll or ~olltr;l(.t(.<1 ollt to (.)lltsi(l(. Collll);llli(ls 101”v;lriolls r(IiIsolls. for illstilll(”(’.

lllilt(’~iills ttlilt ilI”(’ l“t’ii(lil~” ilV:lilill)l(’ fl”olll il lllillll lfil(”tllr(’1’ or lllilt(’l”ii~l~ tllilt illi”(~lI”(’ il Silf( ’1}’

llil~,illf.1 ~vllit.11 III(’ \lPF is Ilot (’(jui]~])t’(1 to 11:111(11(’,(’g.. Ill:lkillg llt’ foils.



Iuerrial Cmfimmlt’llt Fllsi~)xl ( IC’F ) experin~(mts :

.+) Rayleigh/”Tayltm instal)ilitit’s ill thin s1lc1l>:

● milled structures in thin C“ foils

● .41 tracw dots m plastic ibil

● thin ( 6 - ?fip~]~ ) plastic i-m~i CI pli.lnar foils ad dmlM(I foils (Imr;llh,l ) m-ith fix(wl

separation distmlws

● thin (6 - l?p]t~ ) l)lnstic foils w-ith prriwiic pt’rturbati(ms ~vh(w amplitll(lc anil

fV;iV(~lellgtll (.illl 1)(’ Viiri(’(1. (’g. . sjl)(, \V;lV(,~ (s1)1111 011 lllilll(ll’il~ Illi)(l(’ 1)~ R()(”l(j’

Flat ~). square IVaVW i~ll(l lll~llt i]~lr \v:Ive~.

● .+[1 illl(l (’S1 Ciltllo(ll’S ff)l -S-ray S[l(’ilk Cillll(’~;l

(“) Ullifc)rlil targ(~t :i(.wkrati(ul st~ltli( s ill IC’F tilr~(’ts:

● +illgltl all(l (l(jlll)lt’ cayl~ol] f(,ils (.> lo~l))l )

● Li foils ( ~vllicll tioll”t (.lllit .X-r;iys )

H.AXE ( Higl] .Altitl~(i~’ Xll(”l(’ilr Efftwtsj Ex])ttrilllcllts :... ..— .—-.-.—---------.-— -—------- .-—.. .--— -—.-—-—.————.-——-----

● 2 10111)) -41 illl(i 1.3i(Ii>ks ;111(1 S(lllil~l’5 011 IG 33/11)/ (li:ll)lt’t{’r ~lil~~ Slillli5

● .+1. .+11. rill”f ’ f’ill’111 (’11’111(’111 foils

● I{ilylt’igll/rril\’lol. til I’~(’t S

Lil~(.~ 1)111111)(’(1X r;l~ lil!+(’r sll)fii(’s :
.—

● (’11 ( lo!)(); f) (“l)illf ’11 f~)l’lll Vil I’ }illlls ( !200.’!)” OYI’1”slits

● l;IIII (’II f{)i] \vjtll loo/1111”slit

@ +])1’(’iill ~(’,)111(’t~~” till”~f ’l<

● l~l; lllill’ ]~l;::.li( till]] t;l]l~(,t<



Spectroscopy studies of ]ligh Z elements :

● sphm-ic~il glass ljt’;ids (200~/11/ ) on

them. e.g.. InSl~. Xd. Pr. C’SI)

glass s!alks ( sOI1l(I \vitll lllt’till S d(qxwit~vl 011

1)

‘?)

3)

4)

C’ast a 1200.4 f(mlllvar filxll 011 a gl;;ss s i( (1 1 I i-in(l mmsur(I tht’ tllirkll(w 011 it

Dcktitk, thi:; is usually tht’ rrucid st~q) bw,~us(I it is difiic{dt to (.il St ;111 (’~(’11

film. ?.11(1difficult to meastm’ tlw thickness I.wcallst’ of its softntw,

C’llt tll(’ Mill tt) siz(’ dll(l fl(mt it off onto” wntt’r.

Pick u!) the fihu from tlw wutt’r surface onto a stadium w that the filul is

&m-wtly p(witi(me(l (nw the slit, iiild nll(nv it to air dry.

~’WlllIll cva])oratt’ ~()()().~ {’11 ovt,r t~l~, for[ll\p;lr fillll. T]lis C;lll 1)(’ il 1)11)1)1~)111

11(.C;IUS(’ 11(’ilt frolll tll(’ (i~ill)()~~t i(m Cilll <.illlS(’ ll(dt’s in tilt’ f(mllv;lr.

This t,argt’t }Vii!+ IMY1 to (It)ltl(nlst,ratt) soft ~ I;Iy Iitsillg ill (’II fol” tll(’ first Ii Ill(’. 1)111’ill~

III(’ t’xl)(’lilll(’l]t . tlI(’ l;ls(’r IM*:IIII nits t]lf’ t;irpj’t frolll tilt’ t~j]) (Iir(’(-lio]l :111(1 tl](’11 ])1(1(111(”1’.

il lli~ll t(’1lll)(’t”;l llll’(.. IIigll 11(’llsit}’ ]) I; ISIII;I \vill] illl l’1(’l. tl’011 1( ’lll]lf ’l”;ltlll’(’ of :1[1(1,’1’ ;lll~l ;1



● (It’t(’;lllill;itioll of Sllrf;l(’(’ rol. tillllill; lti(jll

● ~]lr(’;idill.g l)lasti<. fillll> (n.tIr lfil,qt, ;11’(’;15\Yltllollt (lt’~t’lol)illk~ lJlllllolt’> 01 t(’iil~

.,
● ])r(’~-~’lltlO1l of tll~’ ().~l(l~ltl()ll riillsillg lx>clill,g ;111(1flaking t)ll (,y;ll)or:ltt,fi fillll~

● kt’t’l)ill~ sl)lit foils flat dn(l \vitll ;I (X)llst;iut \vi(ltll

c (Jnll){’(l(lillg tract-’rs into lllatt’ri; lls

● sl)i:llljllg l)l;lsti(- >ixlo \Vil\”(’S ivitll :1 ])lilll;l~i Zt’(l l)ii(.li

● (“wtill,g tllill fil IllS of Siililll ;111(1 otll(’1” llliltt’l”iill~ to Stll(l~. CI;lllslllis:.l(lllill tilt’ (lt’~’1~

I-\- rt’~i(lll

● 10JV (I(vlsity foillll<

● tllil]. s(Ilf sll])])(wtitl,g foil:.

Q s])(’(-iill ~t’0111(’tl”J. till’,u,( ’1% ill till’(’(> (lilil(’[lsiI)lls if)r !il\i I1,~flolll Illlllli])lt’ (Ilrf’(.lii)llh

● (.1”}()~1’lli(” lil I”,~!’t\. l’.,(!,. . ftl;lltl lvill] (!i’lll(,lilll]l



cessixlg. target fabrication for plasxl]ii I)]lysics cxperimtvlrs

has been developed and is rout inrly carried out.
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HIGH-SENSITIWTY RADIOGRAPHY DETECTS VERY SMALL DEFECTS

N LASER FUSION TARGETS

by

D~vid M. Stupin

Materials Science and Technology Division

Los Alamos National Laboratory

Los Alamos, WI 87545

Digital subtraction radiography is a near-real-time technique that can detect extremely

small variations in thickness or density, I used this technique with a microfocus x-ray source

having a nominal 10-Pm-diam focal spot to image 2-pm-diarn tungsten wires and thickness

variations a9 small as 0.1701-3 measured over large are~. Although these samples were flat,

experiments using positioning techniques common to the target fabrication commur, ity

should yield similar sensitivities on sph~rical inertial confinement fusion (ICF) targets.

These tests were limited to 17-keV x rays, a useful energy for our targets. 1 hope to

eventually expand the technique to other energies as well.

The technique needs to be improved to detect, 0.170 thickness variations occurring within

are~ as smaH M 10 pm in diam, to tmeet the needs of ICF target characterization. Such im-

provements are possible with devices that are either described in the literature or available

commercially,

Thin method is f~t and readily adapted to ICF-target-characterization techniques, To

reduce noisa, I avmage 128 video frames in both a background and a foreground image, and

then subtract one from the othel to reveal the defects. This image processing takes less

than 300 cm equipment that coots less than $10,000, Radiographing lCF targets in three

orthogonal pcaitions eae~ly provides background and foreground images; any cne of these

orthogonal vicwa can nerve as the background image for the other two,

1.’



DIGITAL SUBTRACTION ~AD~OGILAPHY

Digital subtraction radiography serves anglography4 and other medical applications suc-

cessfully to extract minute x-ray signals from noisy backgrou.~ds. \’erhoeven3 demonstrated

that detecting surprisingly small changes in x-ra:{ absorption makes this techniq~o usefu;

for industrial applications as well. For flaw detection, an x-ray image of a perfect part (the

background image) is subtracted from the image of th e flawed part (the foreground image),

!eaving an image of only the flaw. For example, in digital subtraction angiography an x-ray

image of a body is subtracted from an image of the same body that has an x-ray-opaque

solution injected into the blood stream, producing an image of the blood vessels. Both body

images are stored digitally before subtraction. This latter technique can be a near-real-time

process if the background image is stored in memory and subtracted from the foreground

image m it becomes available. Images can be extracted from very complex backgrounds.

in lCF target characterization, the foreground and background images are orthogonal

views of the target. Usually three ortl,oganal views of each target are used to completely

characterize its coating Any one of three views can serve x the background for the other

two. Furthermore, it is not essential that ti e view selected for the background be flawless,

because, in the processed-subtracted image, defects in the background image appear ~q the

negative of similar defects in the foreground image,

Areaf density is the pruduct PX, where p i~ the material density and x is the material

thickness. Hence, an areal dens; ty change is caused by a variation in thickness or density,

Smal! ~eal density changes cause small changes in x-ray absorption. The noise in the

image limits detection of very crmail changes in x-ray absorption because the defect must

be distinguishable from the noise, However, averaging video frames allows the detection of

the smallest x-ray absorption changes by improving the .signal-tenoise ra’ ;O of a (iigitizcd

image, In addition, digitally subtracting m averaged background image from an averaged

foreground image rernoverr fixed-pattern noise from the image. Such fixed-pattern noise

may be caused by defects in the imaging device. lIcnce, averaging anti digital subtraction

reduce two components of noise in the image, Video image procemors costing $10,000 can

uveragc a video signal and subtract it from a stored background image in a just a few

seconds more than the ~ime needed to average the virie(~ frarnm,

Furthermore, the recent introduction of .wveral commercial rnicmfocus x-ray nourc.es

makes real-timo and digital subtraction radiograptly practicable for dctectir]K mrna]l dcfmts,

I;xccedirlgly rrrnail changm in x-ray al)sorptiorr can be dctcctcd in near real tirnr with u

spati{d resolutlor~ nl>~)rorich;rlu that of x-ray liltll



OPTIMAL X-RAY ABSORPTION

To detect such small changes in x-ray absorption, it is advan~ageous to use an x-ray

energy for which the ~px prodllct is 1 to 3, where p is the x-ray mass attenuation coef-

ficient (cm2 /g) G An anode with characteristic K-lines in the er; ergy region below 25 keV

can produce x-r S’ flr.rxes higher than those from the conventional tungsten anode, T8 For

example, the x-ray flux from a molybdenum anode bombarded with 45-k V e!ectrons is

about three times more intense than the flux from a tungsten anode. Furthermore, nearly

ail x rays have the energies of the molybdenum K-1ines between 17 and 20 kcV, Therefore,

very intense, nearly monochromatic sourceg can be generated. The 17-he V x rays from

molybcleuum and the 22-keV x rays from silver are very sensitive to absorption changes in

my phantom, described below, because ppx is 1,35 and 0.7, respectively, for thrse energies.

The Phantom

“1’odernons:rate the usefulness of the tcchrtiqu.’ just described, I constructed a phantom

romposed of three materials: stacked poly~thylcne sheets totaling 0,3S cm in thickness,

0,025-cm-thick a.lurmnurn, and 0.05-c m-thick silicon, Fig Ire 1 shows the ppx product for

the constituents of tbr phantom to demons.trtitc their x-ray adsorptions.

To detect very snlall absorption chimges, I placed an ulurninum step wvdqe ovrr t hc

phantom Each step IS 1 /Jrn hi~h; the step thicknesses range from 1 to 12 pIII. OIIC

rnicron]etcr of aluminum has 0.05% of the atcal density in tile phantom and al)sorl)s (1,14%

of 17-kc V x rays, Radiographers call x-ray attenuation subject cor!trast. ‘1’hc subject

contrast of the phantcm is 73°~ at 17 keV. l’igurc 1 cxaggcrntm the thickness of th(’ step

wedge for clarity,

Irmge Subtrncth)n

The”rwrultant image~ are formed by tile method sh(~wn III Fig. 2. A 3-mA, 45-k V (~lmtron

beam bombards a special wntcr-cmded molybdenum an(dn ill a ~tlic rofocun x- rny rrourcr’

to proclucm x rayn that illurr~lnate the nnlilple phantom nnd step wc({ge, l’ro{iucin~ th~

molybdenum anode included (Ioponlting IriOlyl\CierIIlrIIu’() (Jrl n (“,)l)prr niI(xie I,tle mn~lwKlzo

amthe tungsten Rrloiie sll~)f)lle(l I]y the Illnn(ifnctlllor, In n(i(liti(~ll to tlie rol}l)rr ((~rlfillrll(’tl(~ll,

l)orlnK out the !Ilrll(le of the nfl(xlr nll(i innert,ln K n wntrr-roolll}K” 11110Itlll)rovwl t IIP :~III)(lv’3

llCR1-(llMl])fitlllK (t)nrn([.(’rlall,x

i ‘4



The x-ray image cf the samplr, magrufied by 2X geometric projection, is c~t onto a

special x-ray television camera, w$ich emits a signal that is digitized and averaged by a

512-by-512 pixel, 8-bit video digitizer ..’ The special x-ray television camera is a phosphor-

coated fiber optic train butted to a silicon-intensifier-target (SIT) television camera (Fig.

3). .+ Cd,02S:Tb coating 150 ~m thick covers a removable fiber optic faceplate 40 mm

in diameter. Optical grease physically couples this faceplate to a tapered fiber optic with

ends 40 and 18 mm in diameter. The 18-mm end joins to the bare front face of a SIT

tubet mounted in a :tandard SIT camera. The fiber optic train and the shielding protect

the camera’s electronics from. front-illuminating x rays with energies up to 50 keV. The

removable, coated faceplate facilitates changing x-ray phosphors.

The 128-frame averages travel to a compu~ertt (not shown) through an IEER4WI in-

terface. The computer subtracts the 12&frame average of the phantom image from the

I?tl-frame aver~Ke of the phantom-and-step image. Although averaging 128 video frames

improves the signal- t~nolse ratio in the image, camera-caused fixed-pattern noise and shad-

Ir.g errors rcmaln, \foreover, diminishing these errors by forming the dif~rrcncb of two

average images does not e]iminate d] residua]s.

The resultmt image is transferred back to the frame grabber and displnycd on R video

monitor. This ●ntwe proccas tmk,s a fcw minutes, but alternative wnys to prrft~rr:l the same

process in a fcw seconds arc available.

In the step wdge m~agc stored in computer memory, thu step wedge dots not become

visible until the background is subtracted, An exemplo of the digital suhtrartion ap~)cars

l~tcr in thi~ paper.

DETE(:TION OF SMALL AREAL DENSITY VARIATION

I]hotographs of the television monit(, show diffrrcnre ilnagen of the phantom and strp

wedge and of the croa.md 2-l~m-diarn tungsten wires (Figm, 4, S, and G), Figure 4 is the

step wedge image at 2X magnl!ication and ● map of the image. l’he ~tretched contrMt in

Fig. 4 clrarly shown the inla~e [~f the first ntep M it emergrs from t.tw hackKroun{l noisr.

Alumlnurn st~pn are v~rtical with the thinn~st mtep on the left and the thirkrst ❑t,rp [m ~he

riKht. Two pointero ●t th~ tOIJ and hOttIMII nmrk the I.pm-t.hick wige of the ot.ep wedge. Ily

rhanm, ● 2-um-diarn wir~ in the nubtrarted hac.kgruund irnnRe roincidm ●xm. tly with the

I}t)lnlera. Tlwrrfore, I ~ntlnl~tr thnt ttlc fim-[~n(l ntel~, whiril IKm [1.1!’6 m~d {Irnmlt.y rhnrlgr,

I ‘1



is detected from the background. Subsequent experiments have substantiated detection

of only the second step, I estimate that this image has 4-mm spatial resolution at the

0.5v0 contrast of the steps; hence, the individual c,~-mm-wide steps are not resolved. Two

horizontal black lines at tht, top of the image are 20- and Dprn-diam tungsten wires. The

12-~m-thick aiea of the step wedge IS slightly darker at Lhe top than at the bottorl~ because

image subtraction has not removed all of the x-ray camera’s shadirlg characteristics and

the nonuniformities of the ~-ray flux. Line (a-a) shows the position of the video trace in

Fig, 5,

Figure 5 shows the detection of the step wedge ~s it emerges from the background. lt

is a video trace across line (a-a) in the previous figure. Arrows (a) mark the befiinning of

the step wedge, that is, the location of the l-pm-~hick step of aluminum. The step wedge

is 12 pm thick bet ~een arrows (b) and (c). The dip in the trace at arrows (rt) is due to

the wire in the subtrutvd image. The dashed line drawn through the data is an estir~~ate

ut’ the noise-averaged sigr~id and shows the detecti,>n of the 0. 1% areal densltv change (the

second step) in the ~ample, The slope of this estimate to the left of (a) and to the right, of

(c) is caused by residuals from the image subtraction that did not completely rcn,ove t!,,

camera’s shading characteristics and the nonuniform ities of t’ e x-rty flux,

In Fig. 6 a map explain:{ a photograph of crossed 2-prn-diam tungsten wires that overlie

ti~c phantom. ‘i’hese two wires are faint; however, the Gflm-diarn wires are clearly visihlr.

I’ivr horizontal wires with diameters of 30, 20, 12, G, and 2 pm and four vertical wlrm with

diarnetvrs of 20, 12, 6, and 2 ~m appear in t6e figure, A]l!minum foils 20 and 12 pm t}li(”k

rover the lower right corner. ‘1’his corner is cluttered becauso contr~~t stretching, used t<)

clar~fy the srnallcst wire, has dcstloycd both the ehoding of the foils nnd the dcterti~)n of

the wires ovor the foils, ‘1’urrgsten 2 pm thick attenuates about 30% of 17-ke V x rays; herlcc,

2-um-wide Ilncs with 30% absorption can be detected when overiying the phanton~, which

h~l 73% sutlject contrasst.

[n the sample image of k’i~s, 4 and 6, thn step wedge or the smallest diallmtcr wirrw arc

not visible until the backglounci image ia subtracted, Thirr procesn in nhown nc!lematictdly

in Fig, 7 where the wedge is nc)t vlrnlt)le in the l~$frmrim average of the Ntcp wttlge 01]

the phantom (top left); only the two pointprn and the iarger diallwter wires appear ‘i’h~

I]ackground irrmgc is a 12& frrm~e average of the ~)hantom by itself (to;) right) I{rcaum

the phnntorn hks no structure, tha ~Jhantonl irrln~e hrul no visihlo q~ru( tltro. Wheli the

two ilrlngm nrc ~lllfr’rvucetl, IIt)wover, the ute;~ wc(lge I)fw’oriirs VISI1)IV l;(~r the {r(wr[l wlrr



HIGH SENSITIWTY AND THE ADVANTAGES OF REAL TIME

..i distinction must be made between the detection sensitivity and the resolving powers

~~fa detector sygtem Although crcssed 2-Pm-diam wires are detected in one irrlage, the

spatial resolution is not 2 pm. If two parallel wires of this diameter were separated bv their

diameter, they would not be resolved in these images. Ilowever, their ~encc would be

detected. (Feldkampi’ notes a similar result. )

currently, digital subtraction radiography detects O l% variations in the areal density --

that is, a variation in th~ckness or density–on flat samples. Ilence, O 1?6 areaf density

variations can be detected in near real time, For these tiny variations, spatial resolutions

as small M 1 mm are typical. llowev~r, linear features M narrow aY 2 pm with 00$6

attenuation can be detected but not ~esolved over a background that attenuates 70% of the

x rays.

I}ctect!ng O.l(% defects with diameters of loprn In lC’F targets requires an improvenlent in

spatial resolution. Such improvements will be realized by using integrating chargc~coupled

dcvlce ciuneras and l-prl:-spatial-resolution p}~osphors described by Flannery et. a] ‘:

The sensitivities described in this work can be obt~iincd with samples that have an

optimal x-ray exarnlrlatlon vnergy of 1 to 20 keV (2 to ho kl’) by changing the anode

rrl~tcrlal to select an appropriate K-liue. This energy rtinge is optinml for u wide Viirl{’ty of

manufactured pla.. tic and ccrarruc parts, such as (),001- to 7-cm-thick samples of i)olystyrcne

or pulycthylenc, k’urthermore, the work or Verhoeven at 75 kf’ s:]ggcsts that sirrlilar results

occur at energies at,ove 50 kV with commercial x-ray irr~age irltcnsifiers,
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FIGURE CAPTIONS

Fig. 1. X-ray absorption In the phantom, composed of plastlc, aluminum, and siiicon ;lb-

sorption of the first step of the step wedge (not shown to scale) is about 0.05[1 of the

phantom.

Fig, 2. Digital subtraction radiography. The difference of two lS&l-frame averages produces

images of objects with changes in thickness or density as small as O.ITO and of 2-pm-

diam wires with larger absorption.

Fig. 3. The x-ray television camera. The device is a phosphor-coated, fiber optic faceplate

optically coupled to a tapered fiber optic faceplate that is, in turn, coupled to a SIT

television tube. Shielding on the front of the camera and the faceplate protects the

camera electronics from low-energy x rays.

ITIK. t Left: ,f contr~st-stretcheci image of a step wedge showing the detect.ic)n of a 0. 1?6 areat

(lensity change over the Irlt,cgrated-clrculf, phantorr], [light: :1 rtlap showlrl[; ttlt’ lociition

of the wedge and other objects. Two pointers Indicate the edge of the l-llrll step, l.irlt~

(a-a) locates the video trace In Fig, 5

Fig. 5, A video trace across the step wedge (line a-a In k’ig, 4) showing the (Ietectitjr] of the

second ste}~. Arrows (a) mark the beglnrling of the Iirst (1-p~rl) step, Arr{ws (b) mark

the 12-)~Irl step, ‘1’}leregion between (b) und (c) 1s 12 pnl thick, ‘I’ll{! llllaK~ of il 2- JlIIl-

diam wire ~n the subtr~ctml t)ackgrcwnci irtl~ge coincides exactly with arrows (ii). The

(iurhd line is an estimate of the noi.qe-avcragc(i sign,l] to guide the eye.
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ABLATION LAYER COATING ON INERTIAL FUSION TARGETS AT

University OR ROCHESTER’S
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Hyo-gun Kim, Roger Q. Gram, and JGhn hf. Soures
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University of Rochester
250 East River Road

Rochester, NY 14623-1299

At University of Rochester’s Laboratory for Laser Energetic (LLE), ablatiun layers are

deposited on DT filled glass microballoon targets or unfilled polymer shell t;irgets by a parylene

coating scheme. The parylene process is material specific and works only for the d~-para-x y]ylene

and its derivatives. Polymerization of 2,2-paracyclophanc results in a slightly rough mrface finish

caused by crystalline texture of the parylene film, which is approximately 6070 by volume

crystalline. Transforming crystalline parylene into an amorphuus structure will cause the resulting

fiim to be smoother. This transformation is accomplished by increasing the comp~exity and bulky

nature of the monomer materials. In order to limit the composition of the ablation layer to

hydrocarbons, 2,2-paracyclophane was modified with the alkyl group only. 1 Alkylation of di-

para-xylylene introduces significant; changes in the properties and structure of the resulting

polymers. (1-ystallinity, melting temperature (Tm), and glass transition temperature (Tg) of the

p:ire polymer decrease when modified. X-ray diffraction studies2 indicate that alkyl nmdillcation

does not alter the monoclinic unit cell structure. The lengths of the a-axis and c-axis remain

constant but the length of the b-axis increases with the size of the pendant ~wup. Since the c-axis

lies along the chain direction and is parallel to the layer surf,ice, the alkylated monomer is kelieved

to form a polymer with the alkyl pend.mt group aligned perpendicularly to the layer stiace.

X-lay diffraction experiments stiuw e.thy] piirylcne to consist of finely dispersed

crystallite. The diminished crystallinity achieved with our alkyl modification serves a du~l

purpose. The surface roughness arising from crystalline texture is greatly diminished and the

ablation layer surface ~moothness is better thtin 1(X)()A. In addition, density fluctuations within

the layer are minimized.

The accurate and precise control of parylene coating thickness is pcrforrtwd by u laser

reflectometer developed at LLE, ~ This reflcc(orneter monitors [he sinusoidal modulu[i[~n tlf thr

reflectivity of a witnes!, substrale during the coating, Th:: functi~mal relationship bctwccn the

.)f’t



reflectivity and optical thickness of the coating allows the measurement of film thickness during

coating. The accuracy of the reflectometer can be as good as within a few hundred angstroms

provided that the index of refraction is precisely known. IrJ general, an accuracy of less than 1000

.! is routinely achieved

If targets are supported using glass fibers or films, these constitute a significant

perturbation to the sphericity and can contribute to hydrodynamic instability growth during the

implosion process. An alternate target support scheme which was developed at LLE utilizes spider

webs to minimize the target mass perturbation. Such a mounting scheme produces a thousand-fold

reduction in the effective target support mass. This improvement is defeated, however, if a target

with a low mass support is coated with an additional material that also coats and thickens the

diameter of the support stalk. It would be desirable to coat the target while it is mechanically

unsupported, before mounting on the low mass support. Such coating is accomplished at LLE by

bouncing the targets on the suli~:e of a mechanical resonator while the targets are coated by u

modified parylene process.4 Optimum bouncing is achieved with the resonator surfiice moving

with a peak verncal velocity of -3 cm/s at a frtxuency much greater than the bounce frequency of

the targets. The resonator, a solid cylinder of high-Q material, uses a Iongitudintil mode of

vibration motion, which is uniform over its surface, A flexural mode of the cylinder is used for

dislodging targets which have become stuck. In their natural state, the targets become charged

tribcxlectrically and by the beta emission from the tritium decay, The adhesion of these ~hiirg~(j

targets is eliininated by creating a low power plasma in the bouncing region,

The low power plasma required to prevent targets from sticking to each other and to the

vibrating surface Increases the deposition rate by a factor of 2 to 4. Careful control of plasma

conditions is required to maintain bouncing while avoiding overly rapid polymerization dcfcc!

growth, embrittlement, and other adverse effects in the parylenc layers.

The tensile strength achieved in bounce-coated parylene layers allows high fuel pressures In

polymer shell targets. To measure the tensile strengths,s a set of polymer shells made by

Lawrence Livermore National Laboratory (1.LNL) was coated with vvrious thick ncsws {)1”

parylcne, up to 12 pm. By penncatin~ these shells with helium ~iis and quickly rcleitsing the

pressure, the highest attainable intcrniil pressure was found for these shells. ‘h tensile strcng[h,

36 MPii, is compariblc to values listed for nonplasma piuylcne,

Bounce-ctxitcd parylenc liiy~rs hiivc lJSCfu] t-mrricr pr{)pertics for tirg(m iil)(! g;Isrs wit]]

larger at(m~ic ridll. 3“() measure the pcrtnciibility to arg(m, hwnc.c ~oiit~(i p{~lylllct shclli WC(C

I)crl]]ciitcd with arg(m, iit](j the V()]IIIIW ()!’ g;I\ ~cm~eiltit]g h;lch ollt w;i\ rl~r;l~iircti 11~it lur~~[it)tl (~!’

.s’)



time. The permeability found the m~,on, 3.3 x 10-i7 mo!/ms Pa at 23°C, allows targets to be

fabricated with time constants of several hours for argon retention.
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ABSTRACT

With the advent of an ablative layer coating technology for mechanically nonsupported IN’

targets, the conventional opII. iIl intmferomet.ric technique for the chariicterizatim~ of ttwsc tiirg~ts is

no longer feasible since the biit~h process of this bounce coating technique makes it difficult tt~

account for individual targets, A soft x-ray contact microriidiogmphy method which wi~s

developed for this purpose is limited in resolution by the u.5-v1ll griiin size of the ph(~togriiphi~-

mediurn used, (Utilization of tin x-rity sensitive photorcsist extends the resolution to iis lt~w iis
s()A. The use of a ]ascr-generuted X-I;IYsource ft~r x-riiy microscopy ~pp~i~rs t{) require n~uch

less energy than published phmoresi.d sensitivity diltii, A single sh[)t exposure t~f IO() J,

().527-~m wiiv~l~ngth iInd 1-[]s liisCr shot suffices for iiniigc ft)rmilti{~n. ‘1’hc rcsuiting x rily

nlicrt~grilphs ShoW il higher Spilliiil resoluti~m thiill the’ inlilg~S (d)tiiifl(!d by prcwi(~us ridiogrilpt]y

techniques, The rcsoluti(m of (),2 pm in the present study is due to the finite size of [hc Xrilv

v)ur~’c.

slJMf<y

The su~scessfu] inlpl(~si(m of direct drive inertiul fusi(m (ll;) tiwgcts rmltiircs high SphCli(’ill

symmetry, cxlrcllwly unif(wl]} Coiltillg S, Iin(i ii SIllooth” SUrliK’C finihh, Ily rCi)lil(’il)g tl)C ~lil$h

L’ill)illiiry (Jfl whit’h II; tilrgCt S hii VC IN!CII Illolllltd in the! l)iiSt with sut)tni~. rotl n](mntilig S1’IICIIICS

involving sl)i(lcr WCt) !ililll)Cllt S, this llliljoI IllilSS I)crttlrl)iltioll l)ilh tM’Cll Sllt~\lilllliilll~ rc(lulul, ‘1’l)is

rc(luirm Itlilt tllC tilt’gCtS IX C()[ltc’(1 with t)lil~[i(’ lil~Cl\ while’ IIICV ill”C 1)01 ll)(’(’llilll il’illlv hll[)~)(~ll(’(1, IJIII

;11’(’ lx~l]nt’in~:wittlin tll~ 11:111\ll:i~NXl CIl(i 01” il llN’C’tlillii(”ill l“CMJllilt(~l

,,.,



This bouncing process is basically a batch process in which all of the t:~rgets [ire mixc~~,

thus losing the identity of the individual targets. optical intmferometry requires infomwtion bef[m

a,~d after ablation layer coating to determine the coating thickness; and, therefore, cannot be used

for targets coated using this process. X-rtiy contact rnicroradiography is best suited for this

purpose because it is a batch process which can characterize it large number of t:irgets in ii single

exposlut and can be used to examine multilayered opaque targets.

The resolution limit of x-ray contact microradiognphy is due to the griiin size of the

photographic emulsion utilized in the process, TIc gritin size of the emulsion is itt best (N1the

order of ().5 pm; thus, the minimum discernible feature size would hiiv~ to be iis I;trgc iis sevcr;]l

grains, i.e., 1–2 ym. The resolution can be improved if the emulsion is repl:~ccxi by itl) ~-rii~

sensitive polymer, which, in generiil, hiis ii resolution of ~~vtriil hundred iingstr(~l~ls. ‘1’his

technique, termed x-ray contact microsc~lpy, origiiliilly developed for morphologici~]

charitctwizution of bi(}l(~gi~iil cells, is ii hybrid of )(-riiy ~[)ntii~t il~icroriidiogrii~ll]” y iil~(.1 x r:i!’

lithography, We have tidiiptd this technique for t:lrget chiiructerizoti(>n using ii liis~r pr~~iu~’~’(1

pliiSll?ii M iill X-rily source. Wh~n ii high-power liis~r puIs~ is f(~llsd (~nt(~ii f(~il tilrg(’t(L’.g.,Al,

‘[’i, i%) with iI typical ft~iil spt)t diunwter of I(K! pn], ill~extwmcly Il{}tl~liistllilof Sil]iill dil]wnsit)ni

is f(wnwd, which in turn emits iln intense pulse t)! )(-rily~.

A schtmiltic of the ~xpcrinlcl]tiil c~mfiguri~ti~)n is given in I:ig, 1, “1’hcfrequent’y (kwl~llxl

(;III. Nd:gli\ss loser, opemting with l-i~s pulses [It ii wnvclcng[h o! (),527 }il~] il[l{l 100”J ~)[’

crlcrgy, is focused to u spot of - l(X) ~1111in diillllctcr 011 il [lilt tilrg~t. ‘I”hc [:l~gCl ~’tlillllt~r ~.vlli~$!l

includes the 1(’I; tiir~cts iit](l resist is cviictl~itc41 to ii pressure of -10 ‘) ‘1’err, ‘1’11(’ (ji Still)C’(! l“I’O111 ttll’

x-rily source to the 1(’1; tiit-get is 10 LSIII, iit which the p~[~(ltl~t)riil bllirring (IUC to Iht’ finite st~(]tl’c

size is 0,2 pm.
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s(}urce to climinutc Ihc p(wti(m of the clcutr{m]lt~tm i( spectrum en]it Ic(l by thr lllil Slllll wilt)

wuvclcngths kmgcr Ihun those ()!’w)!’Ix r,lys,

‘I”hc pht}t~m’~ist I]v.xl is p)ly (t~ll[cllt’ I Sul!”[}l)c)(1’llS~ /111(1it Wil!+IISCLIilS rc(civc(l. “l’tIt’
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Wii S (ICVCIOIX’(1Ilsing /l 70/,10”tl~ixllltv [Jflllctllyl ih~xlltlyl hcltJtlr/2 1)(’tll:lll~)llclt~llt}~vc(l1}~Illl\lll}: Ill

II(fl!/’lo nlixturc 01 tllcltlvl is{mi]lyl hL’ltJtlc/lAI~lll”(~l}ylill(’(lllol, ‘1’tlr Illl;!\:(” W’il\ 11)(”11(“XHIIIIII(’(1 1111(1(’1
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iI (1111(. IcIIII; lI Inlcttcrcu(’(. (’OIIIIiI\t IIII(I(~s(’(qw. l’(Ntwhlll~ ()! 111(” l)hl\l(}l(”\l\l ;11 1.’()”(’ 101 10
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k’I(; ~JRE CAPTIONS

Figure 1 Experimental configuration of x-rity microscopy using ii laser-produced pl:istmi :1$

an x-ray source.

Figure 2 X-my microgriph of a glass microbtdloon coated with it 6-pm -thick parylcnc liiy~>l.
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A STUDY OF FACTORS AFFECTING THE DEPOSITION
OF SMOOTH PLAStlA POLYMERS

by

Richard L. Crawley, John C. Daukas, and Steven R, Murrell
KMS Fusion, Inc.

3621 South State Road
Ann Atbor, Michigan 48106

INTRODUCTION

Ve have been working

spherical fuel capsules.

the surface finish of the

to develop smooth CH coatings on glass and polymer

Last year we were requested to dramatically improve

fllow discharge polymer (GDP) coatings. This report

summarizes the development carried out to accomplish this task and the re-

sults obtained along the way. Ue wish to acknowledge the support of LLNL

personnel in this effort, including Bill Hatcher, Steve Letts, and Larry

Witto

BACKGROUND

A typical surtace finish of our previous standard GDP Coatings is shown.

in Fig. 1. The surface can be seen to consist of a background surface tex

ture which resembles cauliflower and a superimposed set of i~ound-like strut

turesj The size ot these

known as well as unknown

gas composition and tlow

configuration,

features on the coated shells is dependent on many

parameters, including deposition chamber geometty,

~“ates, Ieact ton pressure, and R-F prrwer and input



DEVELOPMENT AND RESULTS——__

It was decided to bring up a developmental system at Kt4SF (GDP system #3)

able to run under similar conditions to the helical resonator, As better

surfaces were made, these operating changes could be incorporated in our

production coaters (GDP #’s 1 and 2) with the leaet amcunt of production down

time.

The initial deposition configuration is shown schematically in Fig, 2.

The shells are rolled-bounced on a PZT driven bounder pan (courtesy of LLNL)

under the glow of a tapered plasma tube (with ideal PZT driver conditions the

shells appear to remain very near the pan surface, t-oiling in spiral pattet-r-rs

without significant departures from the pan surface). The gas is introduced

at the top, typically a mixture of hydrogen and butadiene at a flow rate of

10 seem to 0.4 seem, respectively. tlaximum R-F pover was limited to 7.5

vatts (at 13.56 MHz) by the onset of flaking of the coating off the vans of

the plasma tube and the bouncet- cup.

An SEM photomicrograph of a typiral GDP coating on a 350 ~m glass shell

is shown in Fig. 3. Here it call be seen that the basic ‘cauliflower’ type

backgl-ound and mound-like structulcs ate still there, but at reduced

sevel ity. Looking closely at the highet- magnification image one sees a small

piece of ‘debt is’ highlighted against the background due to electron

chalging. We feel this ‘debt is’ Leptesents gas phase nucleated polymel vhich

tlilS (lto~[)t!d orlto the surface of the shell and j.~ in the pl-ocess ot being

Ii)cotpolatert into the growing suliace by continued deposition.

Moleovet , ve tecl the deposition of gas phase nucleated polymer pat tic(l

lates leads to the moundlike ~tructures seen oil the GDP coatings, Ray

Leipinfi et al. of LANL reported orl conditions leading to the formation of gn:;

phase polyme[ palticles 111 a hell jal type plasma (iei)()%it{on system, ) Ut’rllio

tlrillker haq seen a cloud ot gi~s phii$e pill tiCllliltPS hovel {rig ahovo tll(~it

I)[)ut)ce roatt~d she]ls irl a irirrowave dl ivet] vpl tics] plasma t~ll}e.’ Sl(,v(l

[,~tts [>t I,ANI, l]ii~ WOIkVd with l)~tl!;(>(? R i ~}lil:;mas aS il m(,;~rls (}f ‘f l(lshjn~ (J\lt’

tht! ~iiv ~)tli.!;[} I),il t ~(”lllilt($”; I)vfolf” t!lvy (()~il[l grow to ;~ :;iz{, wl)~,l v tll(, (I)iItt,(l

‘:hells Wotll(i I)(’ f’ff{’[’tc’d.t

Th($ K; I”; lJl\iI::{I IIIIt I (J;It tI~l IJ(J I ym(’1 ~),ir { l((ll;lt(~:o ;\l)l)f\iII to ‘lI,IIIg III)’ it) ttlt~

~Il;l’:m.l t,)r ,1 lIi*t lo{{ of t irn(,, growit)~ Ir) ,;iz,(l, 1)11101(. {lroi)l)lll~ fioWII If) 1(),11



the shells. It may be that electron charging of the particulate allows it to

‘ride’ the magnetic field produced by the R-F electric field. Gas flow con-

ditions could also affect the residence time of the particulate in the plas-

ma. We added a ‘skirt’ below the plasm tube in order tc divert the gas flow

directly onto the bounce-rolling shells. Figure 4 shows a schematic of the

plasma tube system with the skirt. Note that the skirt extends the gas flow

right down into the cup, perhaps significantly changing the flow pattern of

the gas in this trans-molecular flov-viscous ilow pressure regime (typically

75-150 mtorr in this location).

Figure 5 shows typical GDP coatin$ts on glass shells prod.deed using this

deposition configuration. It can be seen that there is a complete absence of

mound-like structures on the surface. This dramatic reduction in features

suggests that gas phase p?.rticulates are not affecting the growing surface

coating on the shells. It also reaffirms the belief that the initial raw

shell stock is adequately clean and free of debris. We feel that the use of

a skirt below the plasma tube changed the flow characteristics of the gas

such that gas nucleated particulate could not ride the magnetic field long

enough to gt-ow to significant sizes.

Hovever, the background surface texture remained to be addressed. It

could be Silt-MiSed that the su~-tace is made up Ot a myriad of small scale gas

phase particulate impinging on the growing surface to be incorporated into

the film. But as yet there is no direct ev~dence to support this hypothesis,

Moreover, this process could not be reasonably used to desct-ibe the ultla

smooth surfaces obtained using the helical resonatc)r, where no discernible

‘cauliflower’ type structut-e is found even at vety high magnification.

Alternately, the surface could be ptoduced by a combination of deposition

processes occurring simultaneo~lsly, incl{lding deposition of polymer formii]~

[adicals which undet-go ‘normal’ addition polymer ization and deposition 0!
,

small fragments of molec~lles wh{ch impillgf~ OP \he s(luface arid fl~lickly t)~~comt’

closslinked into the sut face. opel”iltillg piltameteLs ( oll]d det~~lmiflft whitt~

p:ocess dominatt~s the coat ing floi)o,;it i~)r).

#rtl(j onset (Jt str(,vs itI~l\lr+J:; tl.IkiII~ of (oiltill~ rrr;ltt~l i~~l ,,11 III( wall:; (,I

ttltt tllht. atl~i I]{)tln(cl par) pIevcIItvd III. tlom lilisiil~ tll[~ R F l),)w{’t il~tvll:;ity

,Ill(lvc’ ).’) watt!;. Tllc addit ioil ot w:Ilf~I ;III( i/(11 !or(f}{l ;tit (of)lirl~ ot III(I



plasma tube reduced the risk of flaking and resulted in smoother coatings.

Figure 6 shows an SEM photomicrograph of a typical shell coated with an

airlvater cooled plasma tube (with skirt). It can be seen that the

background ‘cauliflower’ texture has been reduced significantly, apparently

by the cooling of the tube.

vith pressurized air blovby

plasma tube than our muffin

of R-F power. LLNL lent

The LLNL helical resonator uses a water jacket

vhich appears much more effective at cooling the

fan blover. This allows them to run at 20 vatts

us one of their helical resonators which vas

installed on our production GDP coater system #1. With this composite

system, GDP coatings vere produced with featureless surfaces (see Fig. 7).

However, reducing the cooling air pressure, we could not run at higher povet-

levels without severe flaking off the plasma tube. And attempts to run at

reduced pover levels with the helical resonator composite system led to a

reoccurrence of a ‘cauliflower’ type background surface finish (see Fig, 8).

CONCLUSIONS——_—

We conclude that mound-like growth structures in GDP coatings can be

reduced by adjusting gas flow conditions to deter the grovth of gas phase

nucleated particulate. Also, the background ‘cauliflower’ type s’!I-face

finish appears to be effected by plasma parameters including R-F power. Thi:;

may be due to a change in dominance of normal surface addition polymerization

vet-sus Closslinking as the primary deposition mechanism. HoweveL”, moL”e votk

is needed in this area to elucidate vhat mechanism is responsible fol the

L-eduction of the ‘cauliflower’ suIface texture,

REFERENCES.-. —..-. .-—
1. S. A. Letts, D. V. Myers, l,. A. Vitt, “Ultrasmooth Plasma PolymQr izt~d

Coat irlgs fol’ Laset Fusion Tar gets,” U(:R1, 844?5, A\lg(lxt, l’)f3[).

2. R. l[!ipi[]s and K. Sakaoku, J. Appl. Polym. Sci., 16, p. 2611, 1’1/?.

{. [1. A. llliilk(~l, I,I,F,,I’Iiv,il(,(“{)lulu{ll)it,itif).I! ;)’)[l)N,It i[)ll;~l AV!; !;yml){),:illm,

()(’t{)t)el , 1082.



4. S. A. Letts, “Hydrocarbon Coatings,” in LLNL 1979 Laser Program Annual

Report, UCRL #50021-79, p. 4-10.



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

SEti micrographs of 35C pm diameter glass MicroshellR fuel
capsule coated with 2(I Urns of glow discharge polymer (GDP) CH
(GDP #1, 6/25/88).

Schematic of initial reconfiguration of KMSF GDP coating system.

SEtl micrographs of MicroshellR capsule coate; with 17.5 urns GDP
using reconfigured system at 76 mtorr pressure, 0.3 seem
butadiene, 7.0 seem hydrogen, 7.5 watts 13.56 MHz R-F, at an
apparent rate of 0.41 Mm/hr (GDP #3, 9/29/88)

Schematic of KMSF GDP coating system with ‘skirt’ added below
the plasma tube.

SEM micrographs of MicroshellR capsule coated with 39 urns GDP
using plasma tube with skirt and 75 mtorr pressure, 0,3 seem
butadiene, 7.0 seem hydrogen, 7.5 watts 13.56 MHz R-F, at an
apparent rate of 0.6 um/hr (GDP #3, 10/20/88).

SEM micrograph of llicroshellR capsule coated with 23 urns GDP
using cooled plasma tube and 75 mtorr pressure, 0.3 seem
butadiene, 7.0 seem hydrogen, 7.5 watts 13.56 MHz R-F, at an
apparent rate of 0,41 pm/hr (GDP #1, 10/22/88).

SEM micrograph of MicroshellR capsule coated with 30 pms GDP
using composite helical resonator KMSF GDP coating system #1
operating at 72 mtorr pressure, 0.4 seem trans-2-butene, 10.0
seem hydrogen, 20 watts 42 t4H.z R-F, at an apparent rate of 0.57
vm/hr (GDP #1, 12/18/87).

SEM mic:-ograph of MicroshellR Capsule coated with 15.3 pm GDP
using composite GDP system #1 operating at 75 mtorr pressure,
0,4 seem trans-2-hutene, 10.0 seem hydrogen, with 7.5 watts 42.5
t4Hz R-F, with an apparent rate of 0.57 pm/hr (GDP #1, 5/3i/88).
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Figure 3. SEM mlcrographs of microshell’ capsule coated with 39 pms GDP using
reconfigured system at 76 mtorr pressure, 0.3 seem butadlene, 7.0 seem
hydrogen. 7,5 watts of 13,56 MHz R-F power, at an apparent rate of 0.41 ~m/hr
(GDP #3, 9/29/87)
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Figure 5. SEM mlcrographs of microshell” capsule coated with 39 ~ms GDP u.wng
plasma tube with skirl and 75 mtorr pressure, 0,3 seem butadwnce, 7,0 seem
hvdrogen, 7.5 watts 13.56 MHz R-F, at an apparent rate of 0.6 ~im/hr (GDP #3,
1W20/87),

Fqure 6 SEM mlcrograph of microshellr capsulo coatod with 23 l,ms GDP using cooled
plnwn.~ lube and 75 mtorr pressure, 0,3 seem bu,adloncw, 70 !xcrn hydrqun,
75 wutfs 1356 MHz R-F, at [In apparonf ralo of O 41 /ire/t,’ (GDP #1, 10/2?/8/)



F!gure 7. SE!vl mlcrograph of mlcroshell” capsule coated with 30 ~ms GDP using
composite hellcal resonator KMSF GDP coatm~ system #1 operating at 72 mtorr
pressure, 0,4 seem trans.2-butene, 10,0 seem hydrogen, 20 watts 42 MHz R-F,
at an apparent rate of 0.57 um/hr (GDP #l, 12/18/87).
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COMPOSITE FOAMS

Alice M. Nyifray, Joel Williams and Mark Wilkerson

Los Alarms National Laboratory

Materials Science and Technology Division
Los Aiamos, New Mexico

Introduction

Composite foams have been prepared which incorporate the best attributes of two matt!rl:lls

Polystyrene emulsion foams prepared by the Unilever method’ ,Si aerogel, and resole loQms

have been studied for use in laser Iusion targets2 Foams for this application rwed to I>(! strong

enough to withstand machining operations and handling, yet they also requlro small porclcoll

sizes because they must hold Ilquld D T agalrist gravitational forces, These attributes art! cfltflcull

to achieve in a single foam The polystyrene emulsion foams have the advantagcm that th[!y cnn

bo prepared easily over a wide rango of donsitws ( .015 g/cc to 0,20g/cc) and aro oi~sy 10 handl(!

and machine; howtwer, thu small cull SIZOS net?dod for ~ood wickmg of thu D 1 llquld fu~!l :lr~!

dlflicult to iKhIOVO OtT tho oltwr hilr]d, SI aorogol and rosolo foams have ttlu d[)sir~!d sr]}illl (:(!11

SIZO ( < 0.1 IIM), but thu materials aro nwchamcdlly wonk n]i]kir~g thorn d! fflcull 10 hancflu i~r~(l

macflino. lJsing a t)ii~kfilll~~g prow?ss, wo hiivo boon ablo 10 tnako t)lfulry cornpostto foiirrl:; Irl

which Itm COIIS of tho polystyr[!no umulsion foi]m havo boor) filled wifh no:ogol or rt!solo fo:lul

II)(}so malorii)ls f~avo tho sr!)iill COII SIZOS rmuclod for ~ood wickmg of ftlt) lIqIIId [) I fli{]l ;lnd iir(!

rllgf~!!d ilr)(j oilfiy tO rT)il(;hlrlo

I l~(jrv 1 SIIOWS II1O Iyl)l(;ill o~x!rl Ill!; loll foillll ( r) 1 fJ/(’(:) Wlltl il

(:{~11 !;1/!) of iil)mlt:!0\llll I l(ptr!~ ;’ ,t(:kflll{~(~ WItl) !; I il(’r(l[j(ll tit

:,IIv(~I, Il (!tlf{\rtilll (;ol\({!r]lt.ltl(ltl:; ( h ill~r[)(]l}l (’I)tl( II fll 1,11I[)fl Ii III



around 25mg/cc. At 10 mg/cc there was insufficient Si aerogel to complete fill the polystyrene

foam,

Figure 4 and 5 show the resole foams prepared from resorcinol-formaldehyde and

phloroglucinol-f ormaldehyde respectively. Although these materials filled the cells, the

composite foams tended to shrink somev. nat upon extraction especially at the higher densities of

resorcinol-forrnaldehy de.These same characteristics were reporfed earlier for the resole foams2

TtI.? phloroglucirml- formaldehyde filled composite foams showed less shrinkage and could be

successfully filled to lower concentrations

Drwterium wlcking experiments were performed at the National Bureau of Standards on

several of the composite foams (Figure 6). The data (Fig 7,8 ) indicates that the aerogel filled

composite foam as well as the low density P/F filled foam wicked the liquid deuterium better than

any of the individual materials. 3

Compression tests indicate that the strength of the co,nposite foam as well as its machin~bitity IS,

determined solely by the strength of the polystjr[ne foam

At the present tlrne, we are working to brc,adon tho rango of composite foim donsitios and to

determme both the chomlcal and physical properlms of Iho.so now materials,

Experirwantai Section

Two stock solutions wore propt~rod. o 250 ml stock solulion contaimng 1:30 4q of

tetramothylorthosdlcato m anhydrous methanol and a 2CI0 ml stock solutlon conlainmg 48g of

Wilf(]r in motlwnol [ quat amounts of solution of tho stock solutltms woro Inixod and ddut,)d wllh

additional mutlmnol (or methanol and toluofm) to givo tho dowrod dunsity of filk!r [ or ())(i]nlpl(),

100 mg/CtTl:] SIII(A !dlur (1 lgur(r 1) Wils prupilrod by rnlxltlfj 2011,1 of oa(;lI sto(;k solutlor~s wltll 10 nll

of tOllJut10 I 1)1! polystyr{!rw 10; II1I WilS llIN’llOrsocfm tt]o sol~ltml) nrd trilf)~)(!d air W:l:; r{wmvu(i fr[~ttl

Illo foillll hy drilwinq a v:lclllltll ov[)r 111(!w)llltloll Aflor Itlo foiltl} WiIZ ~ilt(t[iit(!(t WIIII 111[1::olIIII\)II,

tll!(!t! (hops 01 Cdtaly:,l (!!IIIII’Illitf)r!)t)~)tit.il(:l(for f:r~tl(:f~rllttll{!(l;Ifl)fllt)r]l(lrll Ily({r(lkl(lo) w($r(l ;Ifl(lII(l

!() 11!, ! !K)ll)tloll to lfllll,lt{~ ttl(l f)[)lylll( ~ll; ,lllllfl (i(!f](v,llly, tl~{!(It!l;lltorl wxxltr(vl wIltHf I :’ ltl III(’



excess gel was removed from the surface of the foam; and, the foam was placed in a Polston to

remove the solvents from the gel network. After a week of liquid C02 extraction, the carbon

dioxide was supercritically extracted by raising the temperature of the Polaron to 40C and

1400psi. The C02 gas was then vented slowly overnight

rene e~

To make a 6 WtO/O resorcinol-formaldehyde foam, 3,25 g resorcinol and 0,05g sodium carbonate

were dissolved in 50g of distilled water, While stirring, 25 ml of isopropyl alcohol and 4,80g of

370/. formaldehyde were added The solution was placed into a bottle The polystyrene foam was

immersed in the solution and trapped air was removed from the foam by drawing a vacuum over

the solution. The bottle was capped and placed in a 70C oven for a week to cure The reddwh

amber gel was removed from the exterior of the foam and the solvent exchange process was

begun. First, the filled foam was placed in a 50/0 acetic acid solution at 50C for 24h 1II(! aci(i

solutlon was then replaced by methanol. TIM? methanol was replaced with fresh methanol every

day for at Ioasl one wm!k 1 he foam was placed m a I)olaron to remove the solvents from th{! got

notwork Aftur a wo~k of Ilq(jld C02 Oxlrilctlor), tho carbon dloxido W:IS supercrltlci~lly oxlrii~l(;(l

by raising the temporaluro 01 tho f)olaron to 40C i~nd 1400psI I tl[! COP gAS Wil S thurl Vt)lll(!(l

slowly overmght

I I
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Si Aerogel Foam
in Polystyrene Foam

100 mg~cc SiO foam

n 0.1 g/cc PS foam
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25 m@c SiO foam

tn 0.1 Qcc PS foam

‘ C m~cc SiO foam.

In 0.1 C@ PS foam

Si Aerogel Foam
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Resorcinol-formaldehyde Fn~rn
in Polystyrene Foam

6 wt”L RIF foam

in O 1 g/cc PS foam

4 wt”l~ RF foam

III 0, 1 g)cc PS foam
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Phloroglucinol-Formaldehyde Foam
itl Polystyrene Foam

7 wtO/~ P/F foam

in 0.1 g/cc PS foam

2 wtO/OP/F foam

in (’J.1g/cc PS foam
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Figure 8

Composite Foam
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LOWDENSI~ RESORCINOL-FORMALDEHYDE FOAMS FOR DIRECT-DRIVE
LASER ICF TARGETS*(UNC)

Fung-Ming Kong, ~tcve Buckley, Len Caley, Blanca Haendler,
Lucy Hair, and Steve Letts

University of California
Lawrence Livermore National Laboratory
P. ().Box 5508, Llvermore, CA 94550

INTRSWUQ!!

Target design for a direct-drive, high gain ICF target’ calls for the

use of a low-density, low-atomic-number foam to deftne and stabilize liquid

DT in a spherical shell configuration. For the purpose of high gain, the

densltyof the foam should be as low as possible, and definitely not larger

than 70 mg/cm3. To fulfill other target physics and wetting stability

requirements, the foam should have a cell s~ze of less than 4 pm with a

density and cell size varlatlon of not more than 1% in 30 pm diameter

cores through the foam. It should be wettable by liquid DT and stable to

radioactive DT rtec,~y,machinable or moldable to parts with less than 5 pm

average peak-to-valley surface finish, and have a thermal expansion

coefficient no larger than that of the ablator material.

The development of Iow-dens!ty foam materials f’1om

resorclnol-formaldehyde (RF) system was Inltlated by R.N. Pekala ~t

LLN!.,2’3 The foams are promlslng as target m~tcrlals b~cause of the{r

very smal 1 cell Sfzc, estimated to be about 0.1 pm, which offer’;

~otentlally great DT-ftll stabfllty. The synthes~s of RF foams involves th[?

conden:atlon rcactlon of the monomers resorcfnol and formaldehyde to for-m a

~ol-gel In a sllghtly basic aqueous solut{on dt el~v,~tt’d tcmperaturl’, After

curlrlg, the gel is treated w!th ~~n ~~cid to allow more crossllnking butw~~~n

MO1[!CUIPS with hydroxynwthyl groups, dnd then by supercri t!r[~l f’xtr,lctlon

from llquld :arhon dlox !d(? to form d fotlm. Th[?propurtl(”l f)( thu r[’tulfllr]t



foam depend on the degree of crossli~klng and the morphology of the porous

structure, which Is controlled by the stoichiometric ratio of the monomers

and the process conditions. We have investigated the effects of formulation

and curing on foam properties. He have also utilized carbonization as one

way to Increas ) the mechanical strength of RF foams. In this paper, results

from the formulation and curing studies, and the properties of RF and

carbonized RF (CRF) foams will be discussed as related to design

speciflcationso

PREPARATI Q!MN~QE..MQ_CRF FOAM

Foam properties depend on a ‘last number of chemical and process

variables. In order to Irlcrease the efficiency of experimental development,

we applled the principles of statist~cal design to the development of RF

foams. This approach helped us to Identify key variables with a minlmm

number of e(per~ments, and provided a means of optimizing the system with

respect to those variables. The first step was a screening test which

ldentlf’ied the factors that suppress foam shrinkage were low % sodium

carbonate inltlator, high % reactants, high molar atlo of formaldehyde to

resorclnol (F:R), and long curing ttmes, The effect~ of these factors on

foam properties were then tnvest~gated ~n more detail to understand their

signlf!cance.

For the formulat~on study, we applied a three-variable Box-Behnken

response surface methodology (RSM) design. We varied the % reactants from 4

to 8%, F:R from 1.6:1 to 2:1, and the concentration of Na2C03 from 0.025

to o.08wtz. The foams were prepared In random order. First, the reactants

were mixed and stirred at 70*C for 2 hours. Then they were cured at 70”C

for 7 days Insfde sealed ampules before washing tn 3% acetic actd at 50°C

for 1 day, The gels then went through a series of solvent exchange steps,

They were put {nto methanol, amyl ~cetate, and then liquid carbon dloxlde

for ‘) days each. The C02 W[lS taken at)ov(?!t$ crltl(:al tempor~tllr(?and wds

hl~(i off slowly to avoid pass!ng a Ilquld men! scus through th~ mater!al.

lhe d(?nslt!es of these foams ar(? sh,;wn !n F!(J. 1, It If appdr~nt

Na2C(_):jplays ~ dominant rolo It) (ontrolllnq foam shrlnkag~. F()\ J r

~lmount of r[~[lctdnt j add{~d, dll l’o{lm~ n,lvlt)q th[! low~st density werf’ obta

8!,

hilt

Xf?d

n (?(1



from formul~tlans with the lowest concentration of

of F:R, on the other hand, appears less significant.

obtained from this study was 57 mg/cm3. However,

easily when being cut or touched.

‘a2c03 “ The effect

The lowest density

this foam fractured

In the curing study, we fixed the formulation at 6wt% reactants, F:R at

2:1, and ‘a2c03 at 0“05wt%” We cured the mixtures at 70, 90, and 11O”C

for 7 to 14 days, He found that foam density is affected only by the curing

temperature and is independent of time. The densities were in the range of

90 mg/cm3 after curing at 70”C, and 80 mg/cm3

1109C. The compressive modulus of the foam Is

temperature and time. All moduli were measured

cubes to a maximum of 10% strain at 0.1 mm/mln.

after curing at 90 and

affected by both curing

by compressing 1x1x1 cm

By comparing their modull

In the elastic region, we found that they are between 1 and 2 HPa when cured

at 70”C and 90”C. Foam~ cured at 11O”C, had many cracks, and the modull

decrease as the curing time Increases. Since we were more concerned about

lowering the density, as long as the foam had enough structural integrity to

sllstain machining and tritlum radiation at cryogenic temperatures, we

selected 90”C and 9 days as the optimum curing condlt+ons. To reinforce

these results, we cured the formulation with the lowest densfty (57

mg/cm3) from the formulation study at 90°C for 9 dtiys, The dens{ty was

lowered to 48 mg/cm3, and the foam was not as fragile as before. It could

be vlbrotomed Into blocks with smooth surfaces,

Key findings from the above studies have enabled us to produce foams of

very low density, By lowering the Na2C03 concentration to 0.0125 wt%

and using the optimum curing conditions, RF faams with dens{ ties in the

range of 20 to 80 mg/cm3 are consistently produced. While the!r low

densltles are attractive from the point of view that they would allow a

lower target Ignition t:emperatjrc, they sometfmes fr{]cture easily durlnq

handling and mach!nlng. one mt’thod we havp tr!ed to gr~atly Improve tl~u

mf’ch~nl(.alstrength of RF fo,lm’;II,c~rl)orli~atIon.

Carl)onlzat!on Is a prot,[~~’,!n whl(h poiymprs drf~ t](~,lt(~d Irl ,irl Inprt

AtrnOC)phQre to tf~mp(’raturf”),]hov~’ 100’’(”.” lf] ((lrl)orll;lrl[jRI , UP t](’,~ttho

fo(lmJ 111 al(~on t’r(m room” tl’mpl~rllt[Ir[l to 10’)00(’”Ill 1? hollr’), Ill(liflt(lll)inq

10’)00(:” for 4 hout”$, dt](l th{lrl I (JOI I f~q (lout} t [) I’()( )111 t (!mp(lr (it ur(l I n ;’4 houI.1,

!’



We discovered that RF generally retains the same shape after carbonization,

but its shrinkage Is greater than Its weight loss, which results In an

increase in density. Figure 2 shows the change In foam density before and

after carbonization. It is Interesting to observe that when the Initiator

concentration is fixed at o.o125wt%, all foam density Increases

approximately by 20 mg/cm3, or between the range of 130% to 20%, for the

entire range which we investigated. Elemental analysis reveals that RF has

a conversion efficiency of 80%. Since the oxygen content also diminishes,

carbonization helps to lower the average atomic number of RF. The most

striking result of carbonization is a tremendous increase In mechanical

properties. Preliminary mechanical tests Indicated that the compressive

modulus and com!:ressive strength of the RF foams increase by more than 20

times after carbonization. In another study, we learned that higher

iriltiator concentration would lead to a greater increase in foam density

when subjected to carbonization. The effect of Initiator concentration on

the properties of CRF foams are being investigated.

In an effort to identify the basic structures of RF and CRF, we have

performed transmission electron microscopy (TEM). TEM results reveal that

both RF and CRF are composed of interconnected beads as in the case of

slllca aerogel, The bead size is on the order of 100 )(, and the largest

cell size is roughly ten times larger, Furthermore, electron diffraction

reveals that RF forms glassy carbon after carbonization which is totally

amorphous and does not exhibit the crystalline peaks of graphite. The cell

structure and electron diffraction pattern of CRF ar~ shown In Fig, 3,

X-ray radiography shows that good density uniformity can be achieved in

these foams. Currently we are trying to develop techniques to verify that

the foams meet the 1% variation requirement,

To explore the dimensional ~nd wetting stabilities of RF and CRF foams

in liquid DT, we p~rformed a number of preliminary experiments for the bulk

m~terials, Uy measuring their thermdl expan$ion coeffic!~nts at rryog~rllc

t~mperatures, RF was found to shrink by (),L!I%,and CR[ QxpiInded by ().1[)%,

Hoth were found to be w[’ttt~dby l!qu!d [)1 wlt,hout significant dimensional

(:ht~r~(.jt?saftf?r (?xpojuru for on(? d~ly. [lltoura(~!n!)results wer~ also obt,lill[?d

from machln!n!j t(?sts. lh)th 1{1 and (1{1 fo,irns,ir[~m,l(,hin,~l)lp,Ih[? !jroun(i

‘!!{



finish of CRF can be as low as 3-4 pm; that of RF Is yet to be found.

INCLUSIONS

We have investigated the effects of formulation and process variables

on the properties of RF foams. Low initiator concentrations and long curing

time at 90”C are the key to suppressing foam shrinkaga and achieving density

close to the theoretical value. To produce foams with densities less than

70 mg/cm3 but good mechanical strength, one needs to utilize

carbonization. When the initiator concentration and F:R are fixed at

0.0125wt% and 2:1 respectively, carbonization would Increase the foam

density by 20 mg/cm3 and the compressive modulus and strength by more than

20 times. Both the RF and CRF foams appear to have uniform density

d~stribution and cell sizes of less than 0.1 pm, are wettable by llquld DT

without significant dimensional changes and are machinable. Based on all

the Information collected, RF and CRF foams appear to be promising materials

for direct-drive laser ICF targets,

RLFEMNCES
1. R.A. Sacks and D.H,Darl!ng, “Direct Drive Cryogenic ICF Capsules
Employing DT Wetted Foam,” Nuc1, FU$lgn, 27(3),447,(1987).

2, L,M. Hair, R.H. Pekala, R.E. Stone, Chuck Chen, and S,R, Buckley,
“Low Density Resorci nol-Formaldehyde Aerogels for Direct-Drive Laser ICF
Targets,” J, .Am, Vat, Sot, , in press. Also available as Lawrence
Livermore National Laboratory, Livermore, Cal If., UCRL-96641,

3. R.N. Pekala and R,ll, Stone, “Low Density Resorconol -Formaldehyde
FOa~S,l’ Polym. Prepr., 29,204,(1988).
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LW1-DENSITY POLYSTYRENEFOAMS FOR DIRECT-DRIVE IASER ICF TARGETS*(UNC)
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George E. Overturf III, Dan L. Schumann,
and Clarence Thomas, Jr.

University of California
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!NTR.M!ULQN

We are developing foams for the direct-drive, high-gain ICF target that

is described in the 1985 Laser Program Report’ and in a paper by R. A.

Sacks and D. H. Darling.2 This target design calls for a spherical shell

of foam that can be wetted w:th liquid DT. The liquld DT is both fuel and

ab!ator: the foam holds the DT in a spherical-shell configuration that is

compressed to high density and Ignited by the laser energy. The foam should

have a density of 50 mglcm3 or less and be composed mainly of_ carbon,

hydrogen, and oxygen; less than 1% of the mateilal can be elements of higher

Z than s~llcon. ln add! tion, the foam should have a cell size of less than

4 pm to meet uniformity requirements and a pore size of less than 1 pm

to stably hold the Iiquld IIT. The foam must tolerate exposure to the

radlatlon environment of tritium and to cryogenic temperatures wtthout

changing dimensions dur!ng the time needed for the target to fill and

stablllze before a shot. The foam must be machinable or molddhl(? to the

required spherical-shell configurat~on and tolerances. Also, som~ target

duslgns w!lI require a foam with an overcoat of approxlmatly 5 pm of il

hydrocarbon (CH) or other low-Z material.

One of the cand!date mater!als for these targets 1s Iow-drnsity

polystyrene (PS) foam. The process we use for mak!ng these foams IS hd$f?d

on an inverse--cmulslon ~.ystem developed by Unl lever Research ldl~or,ltory:’”
4

dfld also reported hy I \tt and (oworh~rs. A watpr ph~sc rontalnlnq “,[)dim)

●Wt)rk p~rf[)rm[’d ur]d(’i tt}[’ du$pl[[’t, of the Il. $. 1)(’p,ll”lllwllt of 111[’l(ly I)y th(’

I,IwI-1111(11 I lv(’rmol-(” N(~tl(ln,llI,ll)(lr(]toryul~d(Ii[ol]tl,l(l1){11111)(11 M /40’) IN[,4H.



persul fate as a polymerization initiator is added to an oil phase which is a

mixture of two monomers, styrene and divinylbenzene, and an oil-~oluble

surfactant. The surfactant is sorbitan monooleate manufactured by ICI

Americas Inc. under the tradename ‘Span80. The divinylbe:lzerreis used as a

crossl inking agent which should increase the mechanical strength of the

foams. The water phase constitutes from 92-95% of the total material, so

that upon addition the two phases form a high-internal-phase emulsion (HIPE)

with the water as the internal phase. This emulsion is mixed (a variety of

devices can be used), and then polymerized at 50”C in a water bath or oven,

and the resulting foam dried in a vacuum oven between room temperature and

40°C until all the water is removed. The result is a foam of density 50-80

mg/cm3 depending on the amount of water phase used. The details of the

process for making the foams are described in Ref. 5, and additional

information about foam structure and properties is gi\’en in Ref. 6.

F(MM PREPARA.T?.ON.IW..CYEMINRY

We investigated emulsion stability and foam characteristics in terms of

the chemistry and processing of the PS system, and we have used

statistically designed experiments to optimize the properties of the foam.

We continue to use Span 80 as our surfactant, since it has proven superior

to the others we have tested. Although sodium persulfate acts effectively

as a polymerization initiator in this system, it would be desjrable to

replace it with a material of lower atomic number. He tested a variety of

organic polymerization initiators, and we also tried some polymerizablo

surfactants, but they produced foams of low mechanical strength th~t hdv(?

large cells with nodular walls. It seems likely that It is necessary to

have a water-soluble rati-rer than an oil-soluble Initiator to ensure that the

polymerization occurs at the interface rather th,]n within the oil ph~sct

Therefore, we continue to use sodium persulf ate and are Inv[!stlgdtinq th(!

possibility of removing it from the foam after polym(?rl~ation ~ntidryln!l.

We have looked at the molecular wv{ght of th(? foams, ,~nd wr fourl(fth{i

inv{?r~[?square root rt~p(?nd~’n(.~of the d[~grec of polyrll[’riztltior~”or] initi[itf)l

(or~([~rltratlf)rlwhich {J exp[)[ted for a frt’(’r(]dic(~lrnt’(h(~rli’}rl~.W(’ I)(lv(’(ii’!()

f )’4



investigated the rate of polymerization by optical microscopy and by

viscometry. The agreement between the two methods was good: the onset of

polymerization occurs at approximately l-2h at 50”C. We also carried out

studies of the rate of drying of the foams under different conditions, and

we investigated different mixing devices. Currently, our best foams are

made in a syringe-pump mixing apparatus.

He also performed a statistically designed three-variable Box-Behnken

response surface methodology (RSM) experiment designed to optimize foam

properties with respect to the ratio of styrene to divinylbenzene, the

concentration of surfactant in the oil phase, and the concentration of

initiator in the wdter phase. The most important information obtained from

this experiment was that the structures of the three center-point foams, as

determined by SEM, were widely different. One foam had the expected

2-3 pm cell size and was reasonably uniform, one had cells ranging up to

10 pm, and the third had regions of appartnt coalescence 100 pm across

and was very non-uniform. This was th~ first time that the reproducibility

of the foam proce~s had been checked in any systematic way, and the results

indicated that it was very far from ideal. This experiment was done with

foams of densit;/ 50 mg/cm3, and we have since concluded that reasonable

quality foams require densities

much water in the internal phase,

throughout our development of

assess foam uniformity. Often

concentric rings which c~n in

of 80-85 mg/crn3. Otherwise, there is too

and coalescence occurs.

PS foams we have used x-ray radiography to

the radiographs show a pattern of d~rk

some cases be eliminated hy adjusting

parameters on the mixing device or by taking extreme care with the purity of

our materials. We have tried to identify the cause of the rings t~,yexpo~ing

pieces of the fudm$ to various solvents to see if they would wdsh out, N(’

first tried a Soxhlet extraction

remove any rem[ilning surfdctdnt.

whi(h (.orr(’:,porl(i(’dr(’,i’)onfihlyW(I1

(’xp(?(ted to r(:mdin in th(! ft)c~m,

1, ,



to the amount of sodium sulfate remaining in the foam from decomposition of

the initiator. ‘This time the radiograph showed virtually complete removal

of the rings. He repeated this entire procedure with another sample and got

the same results. Thus we are reasonably confident that the rings consist

primarily of sodium sulfate (or possibly sodium bisulfate) which, for

reasons we have yet to determine, in some cases deposits unevenly throughout

the foam, probably during the drying process. He have designed an

experiment in which the foams and extract solutions will be analyzed to

confirm the presence or absence of the species we expect. This will also

determine whether the order of washing makes any difference and whether the

washing harms the foam structure. We will use these results to develop the

most efficient procedure for removing both the surfactant and the sulfate

from the foams. Aside from improving our foam quality, these results are

very important in that they point to a significant lowering of the density

of PS foams.

TARGET-RELATED PllQPERTIE.$

We have conducted a number of tests designed to assess the performance

of PS foams as targets. We measured the low temperature coefficient of

thermal expansion and found it to be 1.4% contraction to 15K. A cdpillar,y

pressure test yielded a value of 0,75 psi with hydrogen, which should

correspond to approximately 1.5 psi with DT. Hydrogen wetting results for

PS foams are shown In Fig. 1 with other target materials for comparison.

Quantitative data for DT wetting are just beginning to accumulate. but

samples halve been exposed for several days With no apparent dimensional

changes or radiation damage, and the fill appears to be acc@ptaOle. Ps

foams have excellent mechanical properties: a sample with a density of 8!)

mg/cm3 has a compressive modulus I

very easy to machine. Precl~lon gt-

far, which Is ~pproxlmatel,y 5 pm.

Ileing investigated and look prom

polystyrene Il(lta(iienefilm.

between 15 and Z() MPa. Ihe foams ar(’

ndlng gives our best surfiice finish thus

Several hydrocarbon t)ondiIIq .ag(?nts ar(’

Jingo most part i(ulariy d I pm thi(k

lh[?Sp(’(ification for targ(?t (ivn’,ityuniformity i~ ‘,(ml(jwh,~ti1I (i(~lirlo(i

dt thi’, tim(’, but i:, g(’n(’rdlIy (iiv(’nd’, unif(}rmitj of th(’ pt(j,j(’(t(’~i01

f)ll



radial density to within 1% between areas of 30 pm diameter. X-ray

radiography qives a qualitative assessment, but we need a quantitative

technique to verify that the foams meet target specifications. He have

developed a technique where a piece of foam is plac~d on a stepper-motor-

driven stage on a microscope equipped with a light measuring photometer.

The transmitted light intensity was scanned at 120 pm intervals. A

computer that controlled the stage motion and collected the photometric

intensities. Figure 2 shows an automated scan through a step wedge of

foam. The step heights are 0.6, 0.8, 1.0, 1.2, and 1.5 mm. On ihe second

step from the left, two small density increases are apparent as depressions

in the intensity. This teci]nique does not give us the resolution we

ultimately need, but it is useful as a first step.

In addition to our work on experimental measurement techniques, we have

also developed a well-defined computer model that closely resembles the

features of PS foams. The objective here is to study the relationships

among cell size, cell-size distribution, foam density, and radi~l d“nsity

uniformity. This model allows calculation of the Fourie~ transform of

radial density as a function of distdnce and the k vector. Ultimately this

should give us guidance in developing specifications for density uniformity.

CONCLUSION

We have m~de good progress in developing PS foams for direct-drive l.~ser

ICF targets. The advantages of PS foams over other foam candidates li[’ in

their superio mechanical strength and ease of machinability. lll[~ir

di~advantage~ lie in thei: relatively larye CP1! si~e and coefficient of

thermal expansion and in their l~ck of easy reproducibility, w’lich may br J

p}oblem !n terms of th~ as yet unass~ssec! issue of dunsity uniformity. 10

date, however, the f.]ams have given ac(eptablc results on ,111 th(’

target-related tests which h,~vebeen p~rformed.

7, l?. A, f,ifk.’, ~fl(l l), }{, [),lrlinqt NIJ(I, fu’,iorl 2),44/, (lYfl/),
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L31ARACTERIZATION OF LOW-DENSITY MATERIALS AND THEIR PRECURSERS*(UNC)

Steven A. Letts, Steven il.Buckley, Chuck Chen, Andy R. Cook,
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Fung-Ming Kong, Steven C, Mance, George E. Overturf III
and Clarence Thoma:j, Jr.

University of California
Lawrence Llvermore National Laboratory
P, O. Box 5508, Llvermore, CA 94550

We are currently developing low-aenslty polymer foam materials for the

direct-drive laser ICF targets.l Acceptance of the material for target

use requires evaluation of many physical properties of the foam. We have

developed techniques for characterizing the foams for cell size, uniformity,

density, thermal contraction, elastic modulus, ltquid wetting, and radiation

stability. In dudltion, to understand and control the processes used to

prepare the foams to achieve better reproducibility, we have developed

techniques for study{ng the foam starting materials, The starting

matcr{als, either e,wlsions or gels, were studied for rheology, th~rnml

properties, optical properties, and reacttcl rates.

One foam preparation route uses high-internal-phase emulsions of waterln

styrene and dtvinylbenzene which are polymerized and then drted to produce

polystyrene foams. We have used surface, rheolog{cal and optical

charactertzatlon to determfne the effect of formulation on emulslon

stability. Emulslons are sheared to reduce the droplet size to 2-3 vm.

He have found that the emulston vtscoslty rfses with the time and fntens{ty

of mlxlng. Figure 1 shows the shear modulus of an emulslon as a function t~f

t!e number of passes through a mlxlng or~fice. Increased mlxlng raises thv

shear modulus. The mixed emu’lslon was then m[?asured for vlscoslt.y over a

range of shear rates for a porlod of 1 h, Th(? v!scosft,y was found to drop

as a funct!on of time du[’ to coalcsccn(o.

To mlnlmlze coalesr[’nc[’ ft Is d[’slrahle to polymprlz(’ th[’ omul~lon

/’1



rapidly, The polymerization rate can be increased by raising the

temperature, but this also accelerates coalescence. To optimize the

polymerlzatton conditions, we studied the effect of cure temperature and

initiator concentration was studied on the rate of polymerization and the

morphology of the resulting foam. Figure 2 shows the effect of cure

temperature on foam structure. As the cure temperature Increases the foam

pore size increases. Thus, cure conditions provide a potential means of

controlling porosity. Measurements of polymerized foam molecular weight

show that increasing the rate of polymerization reduces the molecular

weight. We have found that below a molecular weight of 20,000 low-density

foam materials have low strength and tend to crumble,

Condensation polymerization of” resorcinol and formaldehyde In dilute

solutions results In formation of rigid gels that can be solvent exchanged

dnd then supercrl tically dried to low-density materials. Foams made by this

technique have densities down to 18 mg/cm3 with cell sizes of less than

0.1 pm. Dynami c mechanical spectroscopy was used to follow the

polymerization of the RF system, In this experiment wv used a rheometer

equipped with a couette (concentric cylinder) vlscometer. The Inner

cyllnder ~s sinusoidally oscillated at a constant frequency and amplltude

while the magnitude and phase angle of the force transmitted to the outer

cyllnder Is recorded as a function of time as the polymerizailon re~ction

proceeds. We were abl~ to cietermlne the shear modulus, as the gel

polymerized. Figure 3 shows the shear modulus as a function of time for

accelerated the rate of polymf!rtzatton as ev!dcnr[’d I)y

in modulus of the gels approached a llmltlng valu(’

temperature. 11,1s lndlcates that the degrt~e ()f

four RF gels polymerizing at temperatures rang!ng from 59,2 to 81.7”C,

Increased temperatur~

the earner Increase

Independent of cure

crossl!nklng is the same for all cure tcmperatur~s,

All foams w(~r~ charactorlzed f’or therm~l contraction f’rom room”

tt?mp(~rature to 15 K, Figure 4 summarizes the deformation. ovt’r thl(,

temp~rature ranqe polys~yr(’nt’ fo~m shrinks by 1,5%, (:(?l~ulos(? (~([’tat[’ (),6%,

resor( !rlol--f[)rm[~lfi(jtly(i{~ (), !)5%, find cartmrll~(’d 1{1 (jxp(lnfis (), l!)%,

1I1o hydrogpn w(~tt!tl(j propert!(~~ of f(mms were mvajurt’(! by dlpplr)(j ((x)I(III

f o{lm’) Irlto Ilqu!d hytiro(][~fl, I I(jurv $ f,how’, thf’ 11[’lqht of Ilq[ll(i !Iy(irotj{’11

/“,(



infoams as a function of time. He have found that smaller-cell-sized foams

wick liquid hydrogen at a slower rate because of greatpr viscous drag forces.

We have investigated three foams for use In wetted foam targets. He

have found that each has particular strengths. Polystyrene foams are robust

and machinable, but have the largest cell size. Cellulose acetate and

resorcinol-formaldehyde fodms have submlcron cell size and low thermal

contraction, but are more frag~le and difficult to machine.

1,. R.A. Sacks and D,H, Darling. “Direct Drive Cryogenic ICF Capsules
Employing DT Wetted Foam,” N~~l,F~$~~n, 27(3), 447(1987),



Fluids Spectroscopy was used to follow the
effect of mixing on Emulsion Viscosity
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Polymerization temperature and initiator concentration
strongly affect foam cell and pore structure ,l!!!l
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RF gels reach a modulus that is independent
of temperature
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Thermal contraction measurements of foams
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Foams were compared for hydrogen wicking rate ~
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LOWVOLTAGESCANNINGELECTRCM MICROSCOPY OF TARGETUATERIALS*(LINC)

Clifford H. Price

Lawrence Llvermore National Laboratory
P. O. Box 5508, Llvermore, CA 94550

Paul L. McCarthy

Hewlett-Packard
P. O. Box 39, Boise, ID 83707

INTRODUCTION

The Improved resolution of a SEFl equipped with a field-emission gun

(FESEM) at low-voltage is highly beneficial for the examination of many

types of low-density materials.’ Low-density materials frequently have

fine, delicate microstructure that are highly susceptible to distortion and

damage and are difficult to analyze and in a conventional SEM, Specimens

previously examined in a conventional SEM required conductive coatings to

ellmlnate charging and achieve high-resolution. However, cell structures in

low-density polymer foams can be severely distorted by coatings, and much of

the fine structural detail can be obllterated,z In extreme cases,

coatings can form artifact structures 3
that are unrelated to the actual

structure. Thin membranes that form cell walls In some polymer foams also

are extremely susceptible to electron-beam damage. This paper will

demonstrate the severity of these problems In ICF materials, show that they

can be substantially reduced by low-voltage scanning electron microscopy

(LVSEM), and demonstrate that the resolution of the FESEM at low voltage Is

adequate to resolve much of the fine structural detail in these materials.

EXPERIMENTAL PROCEDURE

The simplest technique to examine microstructure In low-density

materials is to fracture specimens and examine the fracture surface. The

fracture surfacc~ may not be entirely representative of tho structure

“Work performed under the auspices
Idwrcn(e I ivermore N,~tlon,ll I?lmr,]

i n



thzse
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materials, but they are reproducible and contain essential

structural features that are characteristic of these materials. Therefore,

fracture surfaces were examined for this study. Polystyrene foams and

aerogel were fractured in air; cellulose acetate foams were equilibrated in

liquid nitrogen before fracturing. The LVSEM was performed on an Hitachi

S-800 FESEM eq~ipped with a cryogenic pumping system.

Ei4!LIs
PolvsJyrene .EL2imI:Cell structures in low-density polystyrene foams vary

with density. Two foams with a nominal density of 0.05 g/cm3 were

examined. One foam had a duplex cell structure composed of agglomerations

of fine cells Interspersed between large cells; it also had a low density of

pores in the cell walls. The other foam was synthesized with a higher

concentration of surfactant and had a more uniform cell size with a high

density of pores in the cell walls.

Figures la through lC show typical cell structure found in the low-

porosity foam with the duplex structure. Figure la, obtained from a carbon-

coated specimen at 20 kV, shows evidence of subsurface cell structure from

excessive electron-beam penetration at high voltage. Structural detail is

not apparent on the cell walls in Fig, la but is apparent at 2kV tn Fig. lb,

which is the same field. The fine cell structure in an uncoated specimen

obtained at 1.5 kV is shown in Fig. lc. Carbon coating does tend to

obliterate some of the fine structural details, but this problem is not

readily ap$arent in Fig. 1. Fig. lC shows a contrast effect that is

sensitive to voltage and disappears at 0.5 kV.(2) The light and dark

contrast regions form at points of contact between adjacent cells.

The uncoated specimen did charge at 1.5 kV, and the charging became more

severe at the slow recording rate of 40 s/frame ~nd 2048 lines/framf?.

Although charging subsided at 0,5 4V, loss of resolution becamp noticeable.

TbPrefore, Fig. lC wa$ recorded by using multiple sweeps of the conventional

viewing raster at 0,5 s/fri.imeand 512 lin~?j/frame, An internal switch W;IS

used to activate the ~dm(’ra shl.ltter, and the irnagp was rec. or(i[’(i with about

40 to 50 frames. lhis mu lticle--fr~mt+exposure technique is roug!lly

equivalent to using frdme gr~t)t)ingand dv~r]{jing tpchniquc~ availahlu il]



computerized image-analysis instruments, but It does ;eave observable scan

lines. Use of rapid scanning to minimize charging and electron-beam damage

is an established technique5 that can be conducted and perhaps even

enhanced with high-quality image-analysis systems currently available for

the SEM.

Coating distorted and wrinkled the larger cell surfaces in the low-

porosity foam. Figure 2a has obtained from a coated specimen at 2 kV; Fig.

2b was obtained from an uncoated specimen at 0.5 kV with the multiple-frame

exposure technique. These figures demonstrate that coating damage can be

eliminated by LVSEM e~aminations of uncoated polystyrene specinens.

Although coating damage obviously is undesirable and can be serious, it does

not significantly affect the ob~erved cell size because of the constraint of

the underlying m~?erial. Consequently, cell-size measurements made on

coated specimens are reasonable and useful for relative comparisons.

Furthermore, examination of the subsurface cell structure at high voltage

does provide important information on three-dimensional cell geometry.

Therefore, examinatlot of coated polystyrene foams can provide useful

Information in spite of coating damage, but the type and extent of ~amage

must be determined.

Subtle modifications caused by coating distortion oftea awe difficult to

recognize. Such modification occurred at the edges of pores in the high-

poroslty polystyrene foam with the un{form cell size. Figure 3a ts a stereo

pair from ~ coated specimen taken at 1,5 kV; the edges around the por~s are

severely puckered, Figure 3b {s a stereo pair from the uncoated material

taken at 1.5 kV wl:h the multiple-frame exposure techrrtque: it shows

sllghtl!’ less puckerfrlg than In th~ coated specimen. This dlfft?rence !s

subtle Iiut real, and ft was consistently observed throughout each specimen.

Beca(lse It !s slight, lt does not {mpatr relatlve compa:!sons, but aqa!n,

the extent of coating damage must be determined to assess Its relevanc~.

Cqllulose Acetate: Low-dcnslty cellulose acetate foams arc susceptlblr

to both electron--beam damage and coating damage. ‘hpy also t~nd to ch,]rgr

severely evf’n at low voltag(” !n th(’ Ff$fM, ]P f,](~, thv (harglnq Jnfi

!nstabfllty of thp celluloc,u acvldtll wcrv suff!~!cntl,y qr{~{lt th,~t tho

multl~l ~--fr{{frlti (~xposur~~ tv( hnlq(iu W{ij it~cf!vtt!vl’, It)(’ !n’,t,itl!l!ty ,It (),[!

}1 I



kV is demonstrated in Fig. 4. Figure 4a Is regarded to be an acceptable

structure of low-density cellulo~e acetate foam with a nominal density of

0.05 g/cm3. It was obtained by focusing in one area, then quickly

traversing to the area to be photographed and immediately Inltlatlng the

exposure, Only minimal beam damage is suspected to have occurred. Figure

4b was taken after approximately 30 s additional exposure, Figures 4a and

4b are mounted as a pseudo-stereo palr6 to emphasize the deterioration.

Since the specimen tilt was not changed, the three-dimensional structure

evident in the pseudo-stereo pair results from the

the electron-beam. Some areas In Fig. 4 are too

viewed in stereo.

Figures 5a and 5b show extensive electron-beam

a 2-minute exposur~ at 2 kV. The extent of beam

magnification In Figure 5b, A laige void foimed

noticeable coagulation occurred along some rtdges

Tne apparent cell size also is smaller tt,an tn

material in Fig. 4a, Indicating that some shrinkage

surface dam?.ge induced by

severely distorted to be

damage t+at formed after

damage Is evident at low

during the exposure, and

in the fracture surface.

the relatively undamaged

occurred.

Damage In low-density cellulose acetat~ foam caused by carbon coating Is

shown In Ffg. 6. Figure 6a shows considerable modlf’ication by a l{ght

coating of about 2.5 nm; Fig. 6tr shows even more extensi!’e damage by a

slightly heavier coating of about 5 nm. A ca~$bon coating of about 10 nm,

which is normal for most materials, can completel+ obliterate the structure

in this material.

~i~{c~ Aerogcl: Silica aerogel is an extremely delicate matet’tal thdt

must be, examined in a FESEM at low vo?tage witliout coating to properly

observe the structure.
3

Early TEM studies revealed the structure to bc

composed of fibrous chains of globular particles.’ Iler8 showed that

measurements of specific surface area obtained by the Brunauer-Emmett-T(?l ler

(BET) technique correlated reasonably well with calculations based ,m th[’

surface area of spheres that used the average particle diameter revealed by

TF.M. Specific surface area metsurempnts based on data (~(’n~r,it(’dhy

small-angle x-rdy scatter!nq (SAX’i) us!ng sytlchrotr-on I-ddi(lt!()’1 ,11’,()
(),1()

correlate w{?11 w!th 1’1-1 measurem[~nts, Ih(’ d(?li(.lt(’stru~ turu of

sll!ca aerogel is highly suscvptlbl~ to [?l[’(tr’ot]-l)(~,~md,~m,~q[’III th[~ ilM, ~f~

}{:



even the TEM observations are subject to uncertainty. However, agree~ent

among surface-area estimates based on TEM particle-size measurements, BET

specific surface-area measurements, and SAXS surface-area measurements

supports the TEM observations. Unfortunately, similar agreement could not

be obtained with conventional SEM examinations of coated silica aerogel

specimens.

Exampies of coated and uncoated silica aerogel structures are shown in

rigs. 7a and ‘lb, respectively. The silica aerogel study was obtained from

Airglass AB, Sjobo, Sweden; it had a nominal density of 0.1 g/cm3. F:gure

7a is from a gold-coated specimen that was examined at 20 kV. The globular

structure in Fig. 7a is typical of both gold- and carbon-coated specimens

with sufficiently thick coatings to prevent adverse electron charging

effects. Figure 7b is an uncoated specimen examined in the FESEM at 2 kV.

It shows a fibrous structure that correlates reasonably well with the TEM

results. Obviously, the globul~r structure in Ffg. 7a Is an artifact

structure that is rrot related to the fibrous structure In Ftg. 7b.

SUhiMARY

Coating damage, artifact structures induced by coating, and

electron-beam damage are severe problems when dellcate mtcrostruct~lres tn

many low-density materials are exam!ned by conventional SEM techniques.

Low-dens~t,y PO ‘styrene foam Is representative of materials that can be

distorted by applications of ronductfve coatings. The distortion Is not

always severe, and some useful results can be obtained from coated

spec~mens. However, proper exam!natlon of undlsterted structures !n

polystyrene foams dous require LVSI.M In the ~ncoated state. Cellulose

acetate foam 1s repres[’ntatlve of materials that are extremely susc~ptlblt

to both coating and electron-beam damage even at low voltage. Obvlousl,y,

cellulose acetate can only be examined by LVS[M lrl the uncoated st~t[?.

Sll!ca ?crog~l is r[?pr~scntat!ve of a class of ,naterlals that apparently

nucleat[? artifdrt structures whf?n they arc coat{’f{. lhcst? artifact

strut.turvs may b[’(;rno r[’~[’mt)ldn(P tv thp act;lfi,str(l(turv, ds w,,”,th(’[d$v

f’)r 5111cd avro[jvl, dnd th(’y (.af] bf’ f’xtr(’m(’ly(orli’l}lrl!~.lhv II(IIM ({lr]

!Mllg[’ tit{’f!t)roll’,‘ltI”u(tuft’ of ‘l!lI((i(1(’roql’lIllulltt~,lt[’{!f,ptl(!m(’n~l,It low

}{!



voltage, but the structure obviously is approaching the resolution limit of

the Hitachi S-800 at 2 kV. Fortunately, most of these problems can be

either significantly reduced or eliminated by LVSEM examinations of uncoated
11,12 and

specimens. Furthermore, techniques such as Ion-beam coating

computerized image processing are expected to beneficial for most {f these

materials and will be explored In the near future.
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Fig. 4- Structur: of 0.05 g/cm’ cellulose acdate foam at 0.8 kV; (a) initiul micro-

graph, left and (b)after30-sexposure,right;mounted us u pseudo-slcreopair
toaccentuatethe distortion.Ilorizontulwidth = 6.5Pm.
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(~) k’ig, 6- Modifictition of the cell structure of ().()5g/c?d cellulose UC’C4U(C! founl hy (1))

(u) Iighl carbon coatingund (h)slightly hcwvicr cwrhon milting, Ilorixont;il
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by

Wayne J, Hlller
Raymond P. Belanger

K.tlS Fusion, Inc.
3621 State Road

Ann Arbor, M 48106-1567

As the ICF program advances, the energy delivered by drivers increases,

requiring glass shell targets of larger diameters and wall thicknesses. Our

glass shell fabrication goals then are to steadily increase the range of

diameters and wall thicknesses we can make as veil to increase the average

wall uniformity over the entire size range.

Using our drop tover technology we are pursuing tvo approaches: to

opt{mlze the key ●xperimental processing parameters, and to optimize the

feed-stock gel composition. In the emrly 80’s ve emphasized the processing

parameters, achieving greater control and reliability over the process as

well as ●xtending the shell size range. Ilore recently we have concentrated

on the gel feed-stock. In this paper we report significant incrwasas in the

shell size range and overall wall uniformity of our shells using optimai gel

feed-stock. In addition we report on-going experiments (similar to thos~

used in industry for quality ●ssurance) designed to identify any sigr~ificant

processing parameters not found by our other methods.

/
DETERHINIW AN OPTIIIAL ALKALI CONCE——. /———— _ /’

At th~ last target fabricati Ve raportcd the

l-esults of experiments designed I kali ratio in an

alkali horosillcate gel’”. Keepil de content (i.e.,

total oxide ●quiva~ent molar percentage) at 15% we systematically d~termined

the optimal sodium to potassium to tubiriium ratio to be 111s4.



Our next step was to find the optimal alkali content in the gel for the

optimal alkali ra, tie. We examined gels rang~.ng from 5X to 35X alkali oxide.

Each gel was tested, by varying known processing parameters, under conditions

to make smaller, thin-walled shells (u1OO-6OO Urn OD by =0.5-8 pm walls) and
.

also under conditions to make larger, thick-walled shells (=200-800 pm OD by

=2-14 um walls). Five different shell runs were performed under each set of

conditions with each gel. Sirice cesium vas not included in the earliei-

experiments to determine optimal alkali ratios, we also examined a 15% cesium

oxide gel.

Shell diameters sicwly decreased and shell wall thicknesses increased as

the alkali oxide content increased. The most important trend is shell vail

uniformity, measured by [he percentage of class A shells in a batch. A

class A shell has less than I-OX non-concentricity in a single-viev

interference photograph. As shovn by iigure 1, class A increases with gel

alkali oxide content for the thinner, smaller shells, but attains its maximum

at about 2G% for the thicker-walled shells. Cesium did not improve vail

uniformity i’. rhe 15% gels.

Since. latget, thicker

selected for fur[her study

shells are of greater interest, the 20X gel was

PIOOELING THE 20% GEL—— —— —..

Further study of the 2C% gel required the development of an empirical

mod~l quantlttatively tai~tf.ng the key processing p~rameters to the resulting

glass sh~ll characteristics, Two sets of ●xperiments vere performed:

“screening” experiments to identify the key processing parameters, nnri

“respensen surface e~,petiments to ouantitativcly relate the key parameters to

the t-esulting glass sl]ell characteristics. This type of exper !merttritior) vas

pre~iously di!;cusswi.i~’

T4e $( ‘recr.itlg exper imer)t.s ex~mlriod eleve[l i)arnmeters cz)mpow(l ~If gel

[)111anwt ‘it ‘i iifld g~l l)iow~rl~p$tlam~~tel s. Ttle gel pa~ametets T/*,P gel s17e, JIIId

‘1I



four gel pre-treatments by humidj:y exposure, autoclaving, vacuum oven

drying, and pyrolysis. The gel-blowing parameters were tower temperature,

shot size, shot interval, number of shots, water vapor pressure, and the use

of a portal to partially close t!le top of the tower furnace tube. Of these,

four wire found to be key parameters worthy of further study: gel size,

autoclaving, pyrolysis, and water vapor pressure.

Response surface experiments were comple~ed for the four key parameters

using a Box-Behnken experimental design. However the resulting polynomial

equation did not reliably predict the results of shell batches run at the

extreme values of the parameters. We added some extreme points to the design.

The new polynomial equation is reliable.

The calculated response surfaces show that this gel produces good q:lality

shells over a large shell size range. Figure 2 shows the response surface

for diameter. The calculated overail size range goes to 1100 Ilm OD and 14 urn

wall thickness, shown by figure 3.

LARGE SHELLS WITH THE 20X CEL.—.— _____

T+e response surface experiments were performed using gel sizes up to

425 um. In order to push the shell size range furthel, ve examined shell

fabrication using our largest gel sizes, 425-500 Mm and 300-600 Dm. We

performed a pseudo-respo~lse surface design using gel size, tower temperature,

and water vapor pressure as variables. The results were fit to a simple four

parameter polynomial. The calculated shell size range is shown in fiKure 4.

Note that the tower furnace temperature has a strong effect on OD. we have

not observed this trend with smaller gel sizes,

The percentage of class A shells is 10V in this size range, but the

class B shell percentage is reasonably high. L1.ass B shells have gre~te[

than l(~z nonconcentt-icity in a single view interfererlce photograph, b~it d{)

I]ot have othel- defects (i.e. ulnss B sh~lls have PI defects but not P2 at}d



greater). However for direct-drive experiments, :his level of

nonconcentricity is acceptable.

SHEWHART EXPERIMENTS

Ue spent many years finding significant experimental parameters. Howevez

we still had anecdotal evidence that shell runs are not as repeatable as one

would like. Although many pet theories ‘explained” the results, we did not

even h~.ve clear evidence for significant non-repeatable runs.

As a result, over the past year, ve have repeated five different shell

runs weekly. The runs are very similar to Shevhart control chart runs used

in industry to determine vhen a process is under control (i.e. repeatable)

and vhen a process is out of control (i.e. due to uncontrolled process

parameters). Shewhart experiments are statistically analyzed to clearly show

whether our shell runs are varying by mort than the expected randcm

fluctuations of controlled parameters. The pooled standard deviation of all

shell batches determines the expected standard deviation of the means of each

sample. “Control” limits are set at ~ 3 mean standard deviations around the

overall mean of all the runs. If a process is under control, 99.7X of the

sample averages fall vithin the control limits.

A Shewhart control chart for shell diameters is shown by figure 5.

Although the control limits are broad, clearly less than 99.7% of the runs

are within the limits. Thus our process is affected by unidentified,

uncontrolled parameters. Ve have kept track of many environmental factors (

e.g. ins!de and outside temperatures and humidities, ●tc.) but, unfortunately

have not found a clear connection to uncontrolled variations. We ate

continuing the search.



CONCLUSIONS

We are increasing the size range and wall uniformity of our glass shells.

We have found and quantitatively explored a superior gsl containing 20%

alkali oxide in the ratio of Na:K:4Rb. The new gel produces shells over a

large size range with verv good wall uniformity. lie are also continuing

Shewhart experiments to identify and control parameters that have significant

long term effects on shell synthesis reliability.
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EVALUATION OF TENSILE STRENGTH IN ALKALI SILICATE SHELLS

H. A. Ebner, V. J. 14iller, and J. L. Evans
KPtS Fusion, Inc.

3621 South State Road
Ann t,rbor, tlichigan 48106

INTRODU~ION

Glass shells used as ICF fuel containers must withstand extreme extelnal.

and internal pressure. A shell’s resistance to external pressure (compre.+

sive strength) determines hov rapidly it can be filled with fuel by permea-

tion; its resistance to internal pressure (tensile strength) determines how

much gaseous fuel it can ultimately hold.

The compressive failure of glass shells has been identified as a buckling

failure model It is characterized by Young’s modulus, which is dependent on

composition. The buckling strength of glass shells F.as been determined fol-

several compositions,2,3

Tensile strength data fol- glass shells are not as plentiful.4’5 Tensile

strength is difficillt to study because it is a function of the history of the

glass and does not have an inherent value. While the theoretical strength of

glass is on the order of 1.38 to 3,44 x 101° Pa, the actual strength of a

particular glass object is usually several orders of magnitllde Iuwcr, and is

determined by the flaw population. Fultherrnore, tensile failu~-~ can occul-

elthel by stress intensification at the tips of surface flavs and defects, 01

by crack grovth induced by stress ccrrosion (delayed failure oL- fatigue).

Consequently, since flaws are generally produced on the surface of glass

objects by handling and exposure to an abrasive ot- reactive environment,

glass fracture is highly t~lldom in ni~ture. These considerations have caused

increasing conceln 11] ta:get tabricatlon as targt’t sizes have increased and

sl)tlrif icat ions become mol”r stl illg(’111.

Ve seek to dc~tciminp tl~e effects 011 lclls;il(~ Stl pll~ttl (lf tll(’ p(~l m(~atll ~il!;,

at)d ()! 111(’geomufl Ic Cllalar”t.f’l ist it~~i, :Jlll Iacc i+l(’;lt and glass v(,ll~nl{’ [JI 1.11(’

sh{’1 1%. A:; 111(1 Iilll[ll{)!i II;IV(l t)tl(.(]n;(~ m(~lo (’(l!it IV, $[l(till(,l I;IIR(lI 1(*1 I;IIJI lily

(01 pldirlnhililv) Il;l!: I}t’tonl(’ ill~l(’tl:iill~ly 11(’::ilillJll’. U(* Ililv(, Illolf.lol(!”

I (“sllnlc’(1 .s11111 III:; 10 (l(jt(’tnlilli~ III(I (If !II(II iv{’ Ii’l):;i lt~ :;II(IIIRIII (It ~lit”::~ !JIII’I l!;.
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EXPERIMENTAL PROCEDURE. I’he shells

silicate glass vith a nominal 95 mol%

shells were individually characterized

optical microscopy and interferometry.

used in these experiments wer~ alk,~li

silica composition. Randomly chosen

for diameter and wall thickness by

The diameters of the shells varied

from 450 to 750 urn, the vail thickness from 1.2 to 8.6 Bm, and the aspect

ratio (o.d./vall) from 55 to 590. Betveen 160 and 250 shells vere used in

each experiment; tne characterized shells vere arrayed in aluminum or brass

“egg crates” to preserve their identities during the experiment.

To ensure that buckling failure did not occur as the shells were filled

with gas (H2 or He) in preparation for the tensile tests and obscure the

tensile strength data, the crated shells were subjected to 30 atm buckling

pressures prior to permeation. The permeant gas was added in stages (< 25

atm, in a Parr bomb) to avoid the development of excessive buckling pt-es--

sures, These stages generally involved repeated pressure increments of 20

atm at 260 to 360°C, with permeation times between pressure increments long

enough to achieve > 90% pressure equilibration.

Tensile strength vas evaluated evet-y 25 atm as the room-temperature ptes-

sure in the shells was increased stepwise from 25 to 285 atm (He) and 25 to

250 atm (H2). As described in the preceding paragraph, the shells vere pres-

surized at elevated temperatures. The 20 atm (high temperature) pressure

increases vere repea~ed as many times as necessary fou the room-temperature

pressure to increase by 25 atm. Then the Parr bomb vas cooled and vented,

and failures aurally and visually inventoried.

The actual pressure in the sheils at each step vas verified only for

Hz-filled shells because He permeated from the shells too rapidly at room

temperature to yield reliable data. The Hl fill pressure was determined by

breaking individual shells in an evacuated PVT volume titted vith a Bal-atron

10 Tort- pressure tran~ducet. The method yielded very good gas till data with

a very natrov pressut-e distl-ib(ltion, genet-al Iy vith a a t)t 7%.

The fil]al pressulv;; vcle limlt~d by the plt’ssule nnd tempelatul[’ Iimils

ot thr Pmr bomb ai)(l Ihc pclmvilt ion l;lI(*Q: of (11(1 gl:lsx; 10 afllicv(’ lhcsO hi~l]

pl(.s!:lll PI<, Illc f ill;~l p~~lm~-illifjll sIvI1:; vi,ltt (.OIIdIl(l<ttl al Ill{lIlt*(L~l I {~ml)(~l ;Illll ~1’J

(< ‘!(~[l”(:) t[j IIJlllilill Wltlllll 111(~ pl(ts::lll{, Iimii:i of ~h[~ I’;]I1 l)~,ml). “1’11(’

1o,”



experiments were terminated vhen 90% (He) and 86% (Hz) of the shells had

failed.

DATA ANALYSIS. The fracture stress of the failed gldss shells vas calcu-

lated from the shell diameter, vail thickness, and fiil pressure at failure,

using the hoop stress equation,

&F’ = 4S/AR,

vhere AP is the tensile load on the glass wall, S is the fracture stress,

and AR 1s the aspect ratio (o.d./vall) of the fractured shell. Because of

the random nature of failure, these experiments produced failure stress data

vith very broad distributions.

If the distributions are normal, the characteristic failure stress (ten-

sile strength) for the sample can readily be calculated from histograms,

cumulative failure probability curves, or from the slope of a least-squares

regression function fitting a scatter plot of the individual shell data (hoop

stress format). Ve elected to use the Weibull statistical treatment, vhich

is commonly used to describe the brittle failure of solids. It is a versa-

tile method that can accommodate skewed distributions, and that can also be

used to predict the probability of failure as a function of the applied

stress and the shell geometry.

In the common form of the Ueibull expression, failure probability is a

function of applied stress~”,a

F = 1 - exp [-(S/SO)M],

and

F = n/(N + 1),

where F is the failure probability or the fraction of

helnv the measllred sample failure str~ssj S; m is the

a scaling factor ot- the charactet-istic strength;’ n is

in order ot increasing measured failure stl-ess, and N

the sample that failed

Veih(l]l mnd(lllls; SO is

the rank of the sample

is th.r total number of

tested samples. The Weibull modulus m is an indication of the splead of the

distribution. As m appt-oaches zeto, [he spread of the failure stress distLi

butiotl increases and the ploh;tt]ility of tail~ll(’ ill nllv xllrsn S < SO ill

t’r{~ases. A:+ m ill[’tt”as~ls, 111{1 spteirri of I 11(, (i;ll ;{ (IP(”I P;l’<()!; , iliflil’al illg Kleiil

[’I hOmOgeneily ii) III(I saml)lc. TiI(’ plol]ilhilil~ 01 Iailult’ is sigl’illr;llll (Jllly

Ioj



for S J SO (Ref. b). In addition, when m Z 3, the sample distribution is

considered to be a normal distribution.’

In practice, the data are plctted in the double logarithm form of the

above equation,

ln[-ln(l - F)] = m in S - m in SO.

Since the Veibull expression is now a linear function, the Veibull modu~.us m

and scaling factor SO can be obtained from the slope and inrercept of the

least-squares regression fit to the data. The median failure stress S. can

be calculated from the relationship, Sm = SO(0.693)llm.

The Weibull equation is also useful for predicting the probability of

shell failure as a function of fill pressure and aspect ratio of the shells.

Using the Veibull expression together with tile hoop stress equation gives

P = (4S0/AR)[-ln(l - F)]lzm.

Consequently, for knovn values of SO and m, one can plot failure probability,

F, contours as a function of fill pressure and shell aspect ratio.

RESULTS AND DISCUSSION.

We expected to encounter brittle fracture of the stressed shells during

the rapid venting of the (dry) gas from the Parr bomb. However, in none of

the many fill-and-vent cycles could any bursting of shells in the dry gas

atmosphere be detected through the walls of the Parr bomb with a stethoscope.

Instead, upon opening the Parr bomb to the ambient air (at 75 to 85% relative

humidity), there invariably commenced a staccato of bursting shells.

Detectable bursting usually ceased within 30 min. The audible count of these

bursting shells agreed to within 10% with the subsequent visual inventory;

the discrepancy is probably due to the detection error (coincident bursts) in

the audible count. Thus these losse:~ must be attributable to failure by

stress corrosion by the ambient moisture, rather than to brittle failure in

the

and

ure

The

dry gas environment ot the Parr bomb.

The distribution of the failure stress data fol- the He sample vas broad

nearly normal, ranging from 1.58 x 10° to 2.04 x 1[)~ Pa. The mean fail

stress of the actual sample data veue 8.20 x 10a Pa (u = 2.82 x l(~a Pa).

Ueibull modulus m and the median fail~ll-e stl-ess Sm WPItI 1. )1 (Stiilldilt(l

error = 0.043) and 8.27 x 10° Pa, respectively. The contours tot- 5% and 50%

IOA



probability of failure for these shells, calculated as described above, are

shown as a ft’nction of He fill pressure and shell aspect ratio in Fig. 2.

The distribution of the failure stress data for H2 was broad and normal,

similar to that of the He data, vith failure stresses ranging from 1.38 x

108 to 1.23 x 10!’ Pa. The Veibull modulus m and the median failure stless

s., calculated from the slope and intercept of the regression function, are

3.50 (standard error = 0.02) and 6.82 x 108 Pa, respectively.

The comparison of the least-squares regression fits to the Weibull plots

of the He and Hz data in Fig. 1 shows only a slight difference in slope,

indicative of a similarity in the shape of the data distributions, but a

significant difference in intercept, indicative of a difference in medial]

strength.

As shown in Table 1, the mean and median failure stress values for the H2

sample population were both about 20% lover than the corresponding values of

the He data. While the large u values for the mean values of these broad

data distributions would suggest othervise, the diffe~ence between the two

mean failure stress values is indeed statistically significant since ~he

confidence intervals at the 95% level for the two means do not overlap.

Furthermore, there is a 95% level of confidence that the means of the two

data sets differ by 1.55 x 108 ~ 5.53 x 107 Pa (see Fig. 2).

This difference in median strengths has a significant effect on failure

probability, as shovn by the comparison of 5% and 50% failure probability

conforms for He and Hz in Fig. 2.

There are at least two mechanisms that may account for the reduction of

glass strength by Hz. Hydrogen may react with the glass, reducing the silica

to form ”SiH and SiOH moietiesg’lo in the glass, or it may react with the

residual C02 (a bloving gas) in the shell.ll~lz This reduction reaction

could result in the production of as much as 0.2 atm vater vapor pressure (at

room temperature) in the shell. This vater vapor could react with the inner

glass surface to cause corrosion-induced flaws to form on the inside surface.

Spectroscopic evidence of the silica Ieductiorl Lcartion hn:: beeIl :epoltud
fol Ieaction ternpelatures gleatet thaIl 5000C.qF10° shell)y~ Ila!< also implied

that [he t-eactiun may proceed at lowet tempelat~ilc,s. 11 this is indeed so,

then the extent of teiiction and the le;~r:tiorl late nlv cxppct,,d to he highly

I[)’)



dependent on the gas pressure, temperature, and cumulati\re reaction time.

Thus one would expect the average failure stress value to decrease steadily

as the fill progressed, as a consequence of ihe increasing H2 pressure and

reaction (fill) time.

An analysis of the failure da~a did not reveal such a trend. The failure

stress data for H2 do not show any relationship to cumulative reaction time

or to Hz pressure, as shown in the Hz scatter plot of Fig. 3. This is more

readily apparent when only the median failure stress values for each data

group at the various pressures are considered, as indicated by the arrows in

the figure. The best straight-line fit to these median failure stress value:;

has zero slope, indicating that there is no relationship of failure stress to

fill time or Hz concentration.

The present data are more consistent with the residual C02 L-eduction

mechanism, which is thermodynamically more favored than the silica reduction.

Furthermore, this reaction is expected to have a much higher ~-eaction rate

and is expected to go to completion rapidly because of the large excess of

H2’ The total reaction time is expected to be considerably less than the

cumulative fill times used in these experiments, and the effects of this

reaction should manifest themselves early in the fill cycle. Preliminary

evidence from residual gas reactions with K)z supports these speculations.12

As glass shell surface area increases (due to increasing shell diameter),

the number of flaws per shell is likely to increase, as is the probability

that a shell will have a fatal flaw. Therefore, one could expect the ob-

served failure stress to decrease with increasin~ shell surface area.

However, a detailed analysis of the two sets of failure data has shown no

dependence of tensile strength on shell surface area.

There is, however, an apparent relationship between failuue stl-ess and

glass volume. As shown in Fig. 4, plots of failure stuess as a function of

glass volume show a pattern of decreasing tensile strengtl with inc~easing

glass volume, both in the H2 and the He data. A portion of Illis trend rrlay be

the result of error in experimental measur-ements of fail{lre press~lle aIld wall

thicknes:, However, our et-lol- analysis I-einfolces 0111 col]f idence in ttle

validity of the relationship between glass voll]me an(i tensile stl-engttl.

100”



In principle, if tensile strength were truly an intrinsic material pro-

perty, one would expect the observed failure stress to remain constant, in-

dependent of glass volume. However, the original Weibull equation13 postu-

lates the relationship of increasing glass volume V to decreasing glass

strerjth,

F = 1 - C?XP [-V(S/SO)m].

As before, m and SO can be obtained from the slope and intercept of the

least-squares regression fit. The median failure stress now depends on m,

s~, and V,

Sm = SO(0.693/V)l/m.

Including the volume term in the Weibull equation results in a much bettet-

fit of the calculated probability contours to OUI- data (see Fig, 5).

However, further work is needed to clarify that volume, rather than wall

thickness or inverse aspect ratio, is causing the decreased failure pressure.

Table 1. Failure Stress Values for Gas-Filled Glass Shells

Failure Stress from Sample Distribution (lQB Pa) Weibu]l Characteristics

Fill Pressure u 95% Confidence m
Gas Median Mean Interval (l~W Pa)

———

lie 7.99 8.2[) 2.82 7.72 8,68 3.3 8.2?

HJ 6.64 6.64 2.(-)8 6.34 - 6.96 3.5 6.87

Diffet-ence between mean (95% confidence inte!val) ,, 1.55 x 108 +
5.53 x 107 Pa.

— —.— .——.——
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THE FILLING AND LEAKAGE OF hUJLTILAYER
POLYMER FUEL CAPSULES*

John Z, Grenr and Eben M. Lilley

Unlverslty of California
Lawrence Llvermore National Laboratory

P. O. Box 5508, Llvermore, CA 94550

MI!?Q!X!CIKM

Poly(vlnyl alcohol) (PVA) coated polystyrene (PS) shells have beci

described by Burnham et al,’ and are used in Nova laser targets. It is

necessary to know both the fuel (deuterium) fill and the amount of other

gas, such as argon, very accurately so that the experimental results can be

properly interpreted. This paper describes briefly how the trace gas and

fuel are added to the shells, how the resultlng fill Is measured and the

ledkitge to be expected when the shell is removed from pressurized storage.

TRACE GAS ADDITION

Neither the PS core nor 1 of the fuel capsules

provide any s!gn!flcant barrier re resistance to flow

Is concentrated In the PVA Iayl 1, the permcablllty is

so low - half life in the one at the argon must bc

added before th PVA coat!ng 1 prmeab!lity Is at odds

w!th published data for f!lms, Dur Ild>LI~U,i~“i,, lany tlmcs. The argon

content of the shells changes only slowly after the PVA 1s cured.

He constructed the apparatus shown In Figs. 2 and 3 to allow US to

remove the a!r from the shells which hdd previously brcn Ioadcd Into

capillary tubes dnd then expose them tn a partial pressure of” nrgon.

Usually th!s Is .OT to 0.10 atmosphoru. lh[~ shuns dro thun brought to (I

total pressurr of just under 1 atmosph~re and I’VA solutlon afimltt~d from thr

h[~atcd rcs(!rvo!r in tho b,~sv of tho ~pp,]r,llu’,. III(! drqoll (’ol)tvl’11

Il.’



essentially does not change from this time onuard - we have checked this by

curing the PVA In an argon filled column and In a nitrogen fflled column,

and find no difference.

TRACE GAS MEtWMK?fJ

He Independently confirm the fill of trace gas by X-ray fluorescence.

This ts not a particularly easy measurement due to the minute quantity of

argon present and the Interference of the Chlorine peak adjacent to It (F”ig.

4). The sample Is mounted between two 300-400 Angstrom formvar f~lms at a

carefully located posltlon In a 35 mm slide frame. About a 5 mm diameter

spot Is available In which the readings remain constant. The machine used

is a Kevex 700, operated by Beam Lab Inc. of Llvermore, CA.

Caltbratton has been accomplished In two ways. We prepared a dot of

Potassium Chlorlde of accurately known mass, the K llnes of which neatly

bracket the argon K line. He also prepared 1 atmosphere and .01 atmosphere

argon filled shells - two pressures we can get very accurately. Thl’ method

glvrs a resolution of slightly better than .C1 atm.

FUEL GAS FILL

After the shells h~ve been PVA and CH coated, r.adlographed for SIZC and

l~ycr thlckncss, h,~d the trace gas determined by X-ray fluorescence and

placed !n individual glass capillary tubes, they are ready for dr’lt[!r!um

fill,

The pcrmciihlllty of PVA to hydrogen Is high enough {n young c,lpsul(’~

that ihpy may he flll~d at room t~mp~rature in a reascmahlp length of tlm~.

lhe permt!~hlllty of th~ PVA dn[!s change with tlm~ - decruiis~s but wv h,iv[’

not madr a dctallcd study of \t, V{!ry young capsulrs of thv 40(1ml(-rom(’t~T-

SIZP range havv a l/v l[!,~kr,it[’of 10 hours or so, older onof ,1 month ot-

two - mdy b(! in lht! 2? hour r(ln!jt!.Ih(! (dp$lllvs [!d\lly Wlthft,llld{I 10

~lm(]’iph[)r[’vrntl~l-ll,ilprf’’,iur[~,Iind W() u’1(~:lt[’pfof thli fl~[’ to hrln!l th~’

prvs$urv to tho d[’$lrvd fill, u$u(llly ‘d) dllllo:)~)l)[’r[~”t.An ,Ipproprl,it[l

I),lrtl[ilpr[~~’)ur[~(JI,IT-q[)lJ111mliltlt{lln[~d{llll-lnqtll[~f!II plt~([)I.I),

Ill



FUEL GAS LEAICA~

The filled capsules are heat treated at 60°C for 24 hours. This process

extends the l/e time for leakage (again, of a 400 micrometer capsul~) to a

nominal 100 hours. If we just aged them for a year or so, they would get

near this number on their own, but the low temperature heat treatment IS

quicker.

Leakage Is checked on selected capsules by placlng them In capillary

tubes with one end sealed and monitoring the motion of a small plug of

Mercury placed In the tube. This Is done either with consecutive

photomlcrographs or with the apparatus shown In Fig. 5, which monitors the

c:iange In reslstan~e of a patr of fine wires as the locatlon of t4e Mercury

plug changes,

Capsules and completed targets are stored under pressure tn quick

opening autoclaves. The nom!nal time from when a target Is removed from

pressurized storage until \t IS shot at by the laser ts about 2 hours -

argon loss fs nil and deuterlum loss Is about 1.5%.

References

1. Burnham, A. et al, J. V~c, Se!. Technol, A5 (6), Nov/13ec, 1987, p. 3417.
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MEASUREMENT OF ARGON CONTENT IN GMBS

USING NEUTRON ACTIVATION

by

Peter L. Gobby

Materials Science & Technology Division

Los Alarnos National Laboratory

and

Matt Hyre
U.S. Army

ABSTRACT

Neutron activation has been used to non-destructively determine the

argon content of glass microballoons. A technique was developed using a

standard which relieves the need for knowledge of the neutron flux and tl]e

detection efficiency of the gamma rays. Argon contents of approximately 20

nanograms were determined with an accuracy of about 35%.

INTRODUCTION

Argon is frequently used as a tracer in laser fusiotl experiments.

The intensity of its 3 keV emission is a measure of density and temperature

in the implosion of an argon filled glass microbal.loon (GMB). Since each

target shot requires a <’considerable investment in time and money, it. is

important that the argorl content is verified before firing the laser, W~’

have chosen to investigate the utility of neutron activation it)maki~~z rhis

determination,

Ar40 makes up 99.6% Of- natttri]lly occurrin~; argon, so t.tlc I~cut ror~ cap-

ture reaction of interest is

1:(!



gamma ray of energy 1.293 MeV is released concurrent with the B-decay. It

is this gamma-ray which is detected in the neutron activation analysis.

MATHEMATICAL FORMULATION

In order to deduce the amount of argon present in a sample from the

number of gamma rays detected, it is necessary to develop some e~uations

describing the activation process and subsequent decay. In general, the

rate equations describing these processes are

dN/dt - -NIu (1)

and

dN*/dt - NIu - aN*,

where N is the number of atoms of the species to be d~cected (in our c;ist’,

argon) , I is the thermal neutron flux, o is the cross scctio~~, N’~ is IIUIIII)CI”

of activated atoms and a is the decay constant (the natural 10V, of 2

divided by the half-life).

Equation (1) merely describes the conversion of tll(Iori~,inal speri[,s

into the activated species. in principle, the ori~ilml speci(’s is l)(,il~y,

“used up”, but in practice the cross section and nt’utroll fIux ;ir(ISIII:II I

enough that no siF,nificant portion of the origir]al sumple i:; coI)V(JrIt’(i to

the activated spccics ir) aIl nctivnt ior) eYposur(I ~[’SS [}][11) Ill:llly w((,ks. (:[)1)

sequently N is eff~’ctively a c~nstiir]t..

1’1



These equations can be easily soived to yield

No - ax

nol[exp(atl) -l][exp(-at2) -exp(-at3)]

(3)

where No is the original number of atoms of the species of interest in the

sample, X is the number of gammas detected, q is the detection efficiency,

tl is the activation time, t2-tl is the time between removnl of the sample

from the reactor and the start of counting and t3-t2 is the counting time.

The time between removal from the reactor and the start of counting allows

the activity due to the short-lived oxygen and nitrogen isotopes to reduc(’

significantly so the sample could be handled safely, IL also Ilelped rP(luc(I

background count rates,

ARGON DETERMINATION

The samples of interest were 300 pm GMBs

of argon (20 nanograms Ar). With such a smnll

minimize the amount of material irradiated t.o

filled With ().8 Ollnospll(!l”(”

samp 1 c jt WI’I$; llf!(~f)$jSill”Y t ()

rc(iucf’ ttl(’ l)[l(~ky,ro(lt](l[() il

toler~ble level. To this end, the GMB under test. wns mount (’(I{Is sllowll ill

Fig. 1. Tl~c t.ant.alum

The t.nntalum had been

the RTV was cur~d the

infi, but also nllr)wcd

as n lnser talget .

pi(?c(!was first. attached :0 tl)c Ilylor)!It)(!rWith I\’l’v,

01)(!(?mounted t.tlo sarnplo Wns pln(’r[l ill n polyvlllylvllc I)otl 1(’ /111(1



of the detector for gamma counting. The detector was a standarci germal~ium

detector with a 1.9 keV FWHM resolution.

A gamma spectrum of an argon filled GMB is shown in Fig. 2. Th(~

large variety of peaks is due primarily to Ta. The peak shown as /3+ is du~

to the 0.511 MeV gammas released when a positron annihilates with an elec-

tron. Positron-electron pairs are formed when gamma rays of 1.022 McV or

higher are absorbed near a heavy nucleus, There are also impurities it) the

nylon and RTV that show up in the spectrum, Manganese find illdium are two

such impurities whose gzumna lines are identified in Fig, 2, A smal 1 nmoull

of manganese poses no problem in the analysis for argcn, hu[ H v(’ry Sll]ill

amount of iridium complicates matters somewhat ,

Activated iridium has a gamma l.illeat 1.293 M(’V, id(’IltiCill ill t’llt’l”~,y

Lo i.he nr~on line of interest . In additiol~,
II’) ~c,

ttl(?cross .$t’ct1o11 fol” 11) .“

155 barns, about :30[)times l~lrp,crt}ic~nth[~t for ,irF,ot), (:ollst,(l[l(llt ly ;1 V(,l’y

small indiurn cor~taminnt ~01) CaII eJIsi Ly hul-,ytl~e Ar gnmmii sl~~,lli]l

F’ortunfltcly, tllc IIldium Cotlt[llniti[ltiotl”wus sm:~ll ctlo{ly,tltt]~ltit (,0(11(1



RESULTS AND CONCLIJSION

Two samples were run to check out the Lcc!hniquc. Botli {:MI)s W(’l-(’

300 pm diameter and were reported to contain 20 nanograms of ar~{()~].

Sample #l was mounted with a 56 pg Ta stcndard and w~is irrndi[ltt~(lfor

one hour. It then rested for 22.75 mjnutes before counting bcgntl, whirl]

lasted 33 minutes, The argon mass determined from tltis d{itil W{i$ loj/

nanograms.

Sample N) W{lS mounted Wtttl U ${) /L~, ‘1’il St/ll)(l/l~(i /11)(1 WilS il’I’il(l{ilt (’(1

30 minutes, Its rest period

’13 minutes. l’hc argoll mass

nunop,rfirns .

01

Wils ol]]y l’1./ ml[~ut(’s, /il\(l(’(~(llltiliy,lil S (’[1

or tl){s Sumpl($ Wii!i d(’tt’rmill(’(1 to 1)(, Iolo”

l.’llf lit.,

14’}:1 i} ’,illll’

IIl(lillm)

1’,



r..,URE CAPTIONS

1. Recoverable mounting systcm The Lantnlum plec(’ 1s attached to tlItI

nylon stalk with the RTV. After the RTV 1S cured, the GMB was }ilil~~(l

in the position shown. After irrndint ion and counting the GMB coul(l

be easily removed for remounting ns a tnrgct.

2. Gamma-ray spectrum of neutron irracllnt~d target wlLh tnlltnlum stnn-

dard.

I ,.,
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THE FABRICLTION OF “GAUSSIAN BUMPS”
ON Si4AL~. SPHERICAL SUBSTRATES

Dy

S. R. Hurrell, (2. B. DcMaggio, H. k. Lintz,
J. A. Ruppe, A. R. Soltis, and J. C. Daukas

KIIS Fusion, inc.
3621 South State Rd.

Ann Arbor, Michigan 48103

INTRODUCTION

The objective of the reported work was to fabricate hollow microsphere

targets containing well known wall non-uniformities and surface defects.

These targets will be used to study the influence of known perturbations on

implosion dynamics. The geome’ tic characteristics were chosen such that the

perturbation cross section is described b’~ a Gaussian curve with a well de

fined height and full width half maximum (FVHtl). Perturbations were to con

sist of both low-Z polymer (polystyrene) and t4id--Z material (aluminum), The

application of the polystyre~e bumps was accomplished by melting polystyrene

beads onto the GDP coated surface of polymer targets. This report, howevel,

limits ;he discussion to the preliminary studies fol fabricating aluminum

“(;ad~siarl i~urnps” on glass mictoshell tatgets by mearls of evapot-ation through

a pillhl;le aperture. Also discussed is a r,lodel developed in parallel which

helped us to better understand the bl~mp iot-mation puocess and to optimize [he

deposition parameters.

DESCRII’I’10F! (}F PtODEL

It is assumed that

C)II the substrhte which

‘1’he tate of deposition

depcsitiorl th~ough a mask occuls only at those poiIIts

are exposed by line of sight 10 the evaporant source.

f~)t any exposed point. is ptopo! tiorlal to th~’ aI(j:i [1{

\ ,’1



distance between the source and the substrate. The saurce itself is repre-

sented mathematically by a disk which is located on the source plane.

The deposition rate at any given point on the substrate is dependent on

the total area of overlap of the source disk and the projected disk. The

point on the substrate which corresponds to the maximum overlapped area re-

ceives the highest deposition rate. The source disk and the projected disk

corresponding to the center point on the substrate, for example, are concen-

tric. Therefore, the overlap area is at its maximum value always at the

center, This is the location of the maximum height of the bump. Fur. theL-

away from the center of the substrate, tile center of the projected disk is a

small distance avay from the center of the source. disk. The overlap area,

then, decreases to only a certain percentage of the maximum. At points on

the substrate beyond a certain d!.stance the projected ?.isk and the source

disk will no longer ove~ .ap. This corresponds to a deposition rate of zero

on the substrate at these points.

A histogram is ca?.culated vhich Lives values of ,he percentage of m~~:imum

overlap dxea as a function of distance from the center line through the suh

Stlate, An absoll,te value is the[~ given foi the maximum height of the

modelect bump. Finally, the height ,li the b~)mp at each point a’vay from tt]e

center is simply the corresponding perc~ntage of this maximum. The histo

gram, then, represents a true crcs:, sectional view of the resulting “Gaussiall

Bump” . The histogram IS plotted In graph form and a direct com[~nrison is

made between the plot and an SEtl miclog!:~ptl of the actual fabuic,.~ted bump,

EXPERIMENTAL

The pinhole mask is shoill in rig. ?. The aluminum vapot- passes tht-ough

the pil~hole apertures which range in diameter ttom 2[) to 40 pm. The vapol

ttal)svelses a distance depellcfcnt or~ tile spacel distartce. F’inallY, the alilmi

II(IPI deposits on the shell vhich i<, I-)elng held iIl ~)lacc by a co[ii}?f’r ~(i!)k ht,i(’

{n a small brass disk. The shell !s ft)l(od agair~:it this disc hy tllirl pi;’::ti(

W!iip so that i t vill not change positlotl as ttle dvp(}sition lull ptocoeds.

“rho pit~hole {~pett~lle as:;emhly ~~: tllf~!~I}o’;itiol]ed dite(t Iy ;It){lvc tllf~ ,1111111

ili(lm ev;~,pot ant sl)llr,(”f? (7Pfi FiK, {). TI](* ;llllmil~(lm i“: vv:lpolntod hy mf’:lrl’: 01

,~rl P 1(ICt t otl t)t>.~fiiKI II). ‘rh~ P][’(’tl Ol’ glltl it;\l${Jdl) P(’ii\l:. (J 01 its t(’lativt’lv I(IW

1 il(ii;ll:l tvm~~(,latllke ,!llff Il!gl: Vva,oia[ 1o11 L:lt(t.



The first few bumps fabricated through a 25 Urn aperture proved to be a

surprise. These bumps resembled cones rather than Gaussian curves. Upon

inspection of the pinhole aperture it was discovered that the 25 pm apertur~

closed completely during the run. The model was then altered to account for

the closing aperture which was assumed to close linearly with time. After

incorporating the closing aperture into the model, the bump and model were in

close agreement as shown in Fig. 4.

In the model, a pinhole diameter of 35 urn with a spacer distance of 203

pm resulted in a bump with a full width half maximum of 34 PIII.

pending fabricated bump shown in Fig. 5 has a FWHM of 29 pm.

tered for the bump height in the model was 9.8 Urn just as is

the fabricated bump. Although the model describes the ovet-all

the bump, it does not describe the shape of the bump exactly.

The corres-

The value en-

the height of

dimensions of

These differ-

ences may be due to several factors that have not yet been incorporated into

the model.

These fact,~rs may include: the flux of evaporant; the temperature of the

aperture mask; possible variations 1,1 the directionality of the evaporant

impinging on the aperture; imperfections in the shape of the aperture; uncel

tainties in experimental measurements such as: aperture diameter, spacet

dis~ance, fluctuating source riiameter, source to subctrate distance, and

overall configuration alignment. These factors may have an effect not only

on bump shape but on the morphology of the bump as well as the morphology of

(he film which is responsible fot clogging the aperture (they ate different).

The above me:ltioned factois will be incorporated into the model in fuiute

work. The resulting effects will be weighted against each other and compated

with corresponding fabricated bumps.

CONC1.,USloti—

We have ptodliced localized pe[tu[hations on small sphe[ ical subst[atc(;

1’)1



quired knowledge about the prcicesses involved in the evaporation of aluminum

through a pinhole mask. Perhaps the work may be generalized to study the

deposition characteristics of various evaporants passed through masks of any

shape and size.

\ \:



FIGURE CAPTIONS—.

Figure 1. Schematic diagram of substrate, pinhole aperture, and source disk.
The line-of-sight cone projects a disk onto the source plane.
Note: The center line extends from the :enter of the microshell
substrate to the center of the source disk.

Figure 2. Schematic diagram of pinhole aperture assembly.
distance and the aperture size can be easily changed.

Figure 3. Photograph of experimental arrangement. The apvrture

The spacer

assembly is
positioned over ‘the source with- an x-y micro-positioning stage.
The viewing mi~ror helps the operator see the source.

Figure 4. SE?i m~crograph of a bump fabricated using a 25 pm aperture and a
5~ Mm spacer. The aperture closed completely during the
deposition run. The calculated bump is also shown for comparison
between the model and the fabricated bump.

Figure 5. SEti micrograph of a bump fabricated using a 35 pm aperture and a
203 urn spacer. The aperture closed to 30 pm diameter during the
run. The calculated bump is shown for comparison.

l\\
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Figure1. Schematicdiagramofsubstratepinholeaperture,and sourcedisk. The hne-of-sightcone
projectsa dwk ontothesourceplane.
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calculatedbump as compared
with fabricatedbump

FabricatedBump Model
20 h(~,

Height 14.6~~m 14,6~~m

FWHM 12,7~tm 13.3pm
Figure4 SEM mlcrograph of a bump fabricated using a 25 ~m aperture and a 53 ~Im spacer The

aperture closed completely during the deposition run. The calculated bump IS also shown
forcomparwon between thomodel and thefakmcatedbump.

Calculated bump as compared
with fabricated bump
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AN INTEGRATED KMIEL FOR SPUTTER COATING UNIFORMITY*

R. S, Upadhye, M, K. Kong, and E. J. Hsieh

University of Cal’ifornla
Lawrence Livermore National Laboratory
P, 0, Box 5506, Llvermore, CA 94550

INTRODUCTION

The coating flux received by substrates In a sputter coating process

consists of two components: the dlffuslve flux, contributed by fully

thermal lzed atoms, and the directed flux, contr+huted by atoms which htive

retatned a major part of their orlglnal veloclty. Following our earlter

computer modellng work,l we have developed an Integrated model of the

process whtch assigns weights to the two mechanisms; the welghtlng factor$

are then related to the process and equlpm~~nt parameters.

re~u”lts will be compared to experimental data and aval lab’

calculations from the literature.

EXPERIMENTAL

A schematfc ot the ‘%perlmental set-up is ~hown In Ftgurc 1,

sputtering chamber has a maximum sputtering distance of 12”. A Cu $~onn

3“-r~ng IS us~?d as the sputtering target. The gun ts mounted off-ccnt[!r

with

subs’

our

hold

the clo$~st wall d~stance equal to 6“. He used 1/8” glass rod~ ,11,

rates , All depositions wore made at 20 mtorr and room tcmp(!r,iturtl,I11

cxper~mcnts, we varlcd the sut)stratc to t~rgct dlstt~nr(! (u) Whlll’

ng the ground plane to target distance (L) ~t 12”. A1’trr (~i]~l)

the ~ub$trate !s movod down tow,lrd

1



drop as Q/L Is incre~sd from the base value of 0.5.

plane has a stronger shadowing effect on location 6

latter depends Pxclrjslvel,yon dlffuciona? cmitlng flux.

ratio decredses also. As the substrate Is moved closer

However, the grourld

than 4 because the’

Thus the flux rate

to the source, thus

decreasing ti!e value of Q/L below g.5, tne flux ratio decreases rapidly.

Thr flux rate ratios art plotted !n Figs, 2 and 3.

DIXL!SSUM

The Inttlal flux leav~ng th~ target Is directional, where the sputtered

atoms follow a straight line trajectory. In this state, their movements can

be described by simple, lfne-of-stght modclsz. As the sputtered atoms

undergo collisions with the sputtering gas (typically Ar) atGms, the.yb~come

increasingly thermal lzeci(I.e., acquire random veloclty orientation). Ait(’r

a sufficient number ef rolllslrms. the target atoms are cornplutcly

thermal lzed, ar,d their net mo~ement can be described by diffusion

equat!ons. The transition from the dlrectcd to the dlffus!onal flux !s

gradual.

The proposed model takes Into ac~ount the gradual shift from one

mechanfsm to the other In ~ continuous manner, Using s!mllar assumptlnn$ 0!

our earner work’ we cdrl write the follow!nq set of equations to ilPflI)P

the dlffuslonal transport part of our model:

d2C ~ ~ 1
r)” ‘c~r(rdr )-~

d Z2

(1)



(corrected for surface orientation), whereas the bottom part, being in the

shadow, gets no flux.

Let OZ be the fraction of thermallzed atoms at any position z. Let

A b~ the mean free p~th of the atoms at the chamber press~re al,d

temperature, and n the expcctcd number of collisions undergone by the metal

atoms at the position z. Then, followlng the treatment gl~en by Fcker et.

al.,
4

and Townes,
5 we can write:

OZW 1 - e-k-n= 1 - e-k‘z’A) (2)

Let fO be the Inttlal directed flux, fd and ft be the directed and

thermaltzed flux contributions at position z, and fn be the net flux at

posttton z. Then, since the metal atom concentration ts much smaller than

that of the Inert gas, we can write

fn - (1 - $Z). fd + $z” ‘t (3)

Equations 1, 2 and 3 completely def~ne the rr~del. The mean fr[’c p,lth

can be estimated using the klnctlc theory of gases; f’or our spcclflt CA:,(’,

we have calculated lt to bc .079 inch. WC have estlm~t[’d the ducdy const,lll[

k, defined in equat!on 2. from our data to be 0.006. We adjust~(~ tl]u v,llull

of k until WP got ,? satisfactory fft between tho data and the rnudvl

calculations.

f~gurus 2 ~nd 3 summ,lrlzu tho thermdl dnd lntcgrdtcd rnod~l c~lcul~tlonf

~od the data. ?h~ (~,tiu of the mlnlrr;Jm to m~xlmum fluM ratnf (n,~rnoly,at

Iocatlons 6 and 4 rctpcctivcly) fin tilosut)stratc surface fs plott(’d on th[’

y-dxls. The exp~rlment.,11 d~i~ polllts are thown as st(~rs conn(l( t~~d hy ,1

sol!d Ilnc, followlnq the lcg~nd shown In the flrjures.

lhp lnt~qratod m(d~’1 prodlcts corr[’rt tr~’rldf (lv~’r I tt ont lrt’ r{lfllli’.

A1’(J, !!lP modul prvill( 1’, [orrvrt uo!formlty VdlUUIl for” u/1 1)1’twp(’11 ,1;’1)

dnd . )$. A$ thil f“lllx (i[’( r[’{l’, [!!, ,lwlly from tliv t{ir!l[~t , dn[l dIl th~~ lnl liIIIfl[ (I

(JI tl]f’ qrourl[l pl(~rll’ I’)( ri’.t’:~”, , t 11[’ [’r’r[)r’, in ttl~’ ,I,lt,l ,]1, will 1 ,1, 11111
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CLNUQIJS

Ne have developed a simple, integrated, one parameter model to describe

the flux uniformity in a sputter coating proc~js. This model is valid for

both the line-of-sight and dlffusional mechanisms. It, accounts for the

gradual transition from the directed to the dlffusional flux control, anti is

valid over the entire range,
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THE REACTIVITY OF THE RESIl?UAL BLOWINGGASES IN GLASS SHELLS

by

tlatthias A. E!mer, Wayne J, Miller, and Levi ‘T. Thompson
MS Fusion, Inc.

3621 South State Road
Ann Ariwr, Michigan

INTRODt.fCTION.—

A major concern in J.nertial Confinement Fusion (ICF) implosion experi

ments is the mixing of the fuel with electron-rich, high-Z species that may

degrade the efficiency of the DD or I)T fusion reaction. The shell material,

normally glass, haz bees <he focus of much of this concern. The residual

bloving gases within the shell, which are intimately mixed with the fuel,

have usually been ignored because of their negligible concentrations in hif;h-

pressure targets. Removing or reducing the levels of residual bloving gases

becomes especially important in targets vith a low pressure of fuel because

they significantly dilute the fuel. Ve contend that it is feasible to reduce

the amount of residual blovlng gases in glass shells.

Glass shells made from x=rogels usually contain residual bloving gases

that include CO*, Nl, 02, and fi,O, The residual hlaving gases are pt-esent at

pressures up to 0.25 atm (at room temperature) and consist of 60-90% CO1.l

Not only do residual bloving gases dilute the fuel, but COZ and HZO can cot

rode the interior surface of the ylass shells by forming basic carbonates and

eventually silicates, Corrosion featllres veaken the shell vnll, i.e., lower

the tensile strength, and may cause Rayleigh-Taylor instabilities during thp

implosiorl This probl?m inrrenses vith shell size, because the mass of re

active residual gas increases geometrically vi th ,shell dlametel and berausc’

high levels of water vaprrr must be used in makln~ s~lch shells.

Carbon dioxide can be cnnvetlcd [o (X) ad posxibly to hydlocaltmll:;, vhicll

have n lover nverage Z nnd 3re Inert to glnss. in plIflclple, this cmlv(’rxloll

can lw accomplished by thv hydl(’gellal 1011 01 (:();. Sf.vot{ll of flir inll)t)l I;IIII

Ienrtlon.s i3161:

ttl~ IPVP: !4(0 Kfl!; Shi I t lvtl(’tif)ll,

(:(), , 11, > (:() 1 11,() H:f,!!. !.)l(J t(rnl/mO10

IIll’mvtl],~llnt1o11ton[.1l~)li,

~.’, ,’,



CO + 3H2 --> CHd + H20 u 633 = -15.264 Kcal/mole

and possibly the Fischer–Tropsch synthesis reaction,

n CO + 2n Hz _._> (-c112-)n + n HZO

Thus the net reaction is

Coz + 4 Hz --> CHq + 2 HZO &633 . -11.527 Kcal/mole.

While the methanation reaction is thermodynamically favored, the reverse

shift reaction is not, as indicated by the estimated Gibb’s free energies at

360°C (the usual permeation temperature for filling targets). Nevertheless,

the enormous excess of hydrogen (usually 2 to 100 atm for ICF targets) is

expected to favor the hydrogenation of C02 to methane.

Despite the favorable thermodynamics, gas phase methanation has a signi-

ficant kinetic barrier. Commercial practice requires the use of a catalyst

to achieve

mixture of

hours when

proceed to

acceptable methanation rates. 2’3’4 For example, a stoichiometric

reactants at 1 atm will reach 90% 01 reaction equilibrium in 8

~’atalyzed by nickel. ] Without a catalyst, this reaction will not

any measurable extent in the 72-120 hours that is usually requil-ed

to fill a glass target, despite the large excess of hydrogen. Ionizing radi-

ation can also activate reactions such as methanation by producing excited,

more reactive intermediates from the reactants. We Ilave studied the reac

tivity of the resi.iual blowing gases in the presence of D2, DT, and T2 (DT

and T2 produce f3 particles). This note summarizes our preliminary tesults.

EXPERIMENTAL PROCEDURE-—.. .—.— —

About 2 ml. of alkali silicate glass shells vere filled vith 20 atm of

D~, DT, or Tz at 360”C. Tbe initial hydrogerl isotope/C02 mole tatio vas

greater than 65, and the permeation fill lasted 3 days. Subsequently, th~

stlells vere evacuated of hydrogen by pet-meation at the same temperature nvel-

a period of at least 2 days. Th{!~ the minimum contact time at 360”C was 1

days. The r~~siclual gases in the shells vere analyzed before and aftol :Ile

fill by mass spectrometry. The residual gases in as made shells consisted o!

>95% colt with the balance being N1. oxygen vas ptesumerl to be plc:.vllt irl

quntlti ties sim{lal to N:, but could n(JI be qilnntitat{vvly detelm{ncd by OIII

mass ‘;pect romet(~t .



DISCUSSION OF RESUL1’S——

The results of the experiments are summarized in Table 1. Reaction vith

a large excess of D2 reduced more than 95% of the CO* to CO; no methane or

higher hydrocarbons were detected. Reaction with a similar quantity of DT

yielded a similar extent of conversion of COZ. In this case, however, the

product mixture consisted of about 60% CO, 40% isotonically mixed methanes,

and trace quantities of ethylene and ethane. Reaction with the same concen-

tration of tritium, which prcduces twice the ~ flux as DT, yielded about 90%

conversion of COZ. I~J this case, the product distribution consisted of 40%

CO, 53% methane, and 7% ethylene and ethane. NO effort was made to analyze

for polymer iormation. Water, a majol product of these reactions, was not

detected in the final product mixtt’.:es in any of the reactions. The reaciion

temperatures and contact times were sufficient to permit all of the water to

permeate out of the glass shells.

The nearly complete hydrogenation of COI to CO iJy D2 indicates that the

reverse shift reaction is fast relative to the times required for permeation

of DZ into the glass shells. The absence of any methane in the reaction

product indicates that the methanation rate is S1OV in the absence of a cata-

lyst or radiolysis, despitt the large excess of hydrogen.

Carbon dioxide hydrogel.ation by DT and T2 was nearly complete, but pro-

duced mixtures of CO and hydrocarbons. Furthermore, vhen the 6 flux was

doubled (by using T1 instead of LW) at constant hydrogen pressure, the hydro-

carbon selectivity increased by almost

be defined as the moles of CO1 consumed

the 6 flux also increased the yield,

70%. The hydrocarbon selectivity can

in producing hydrocarbons. Doubl~ng

of ethane and ethylene, which are

Fischer-Tropsch synthesis products, from <1% to 7%. The fast rate of the

reverse ~hift reaction observed for DZ and the effect of @ radiation on the

methanation and Fischer-Tropsch synthesis reactions suggest that Coz bydio

genation proceeds through a fast reverse shift step, followed by a l-ate

llmiting methanation step. Furthermore, the Fisrhcr Ttcipsch synthcsls it,

action appeals to he favc}!md by b Iadla! ion.

Beattie5° and Dollglas’ also studimi the ctfect ot @ ladlation m call)oll

oxide Ilydrdgenation. ‘l’he kille(lcs vele dctelm~tled tot teartan~ l)IeSSIIIVS

IPCS than 1 atm, mId tol- T,/COl Iatios tiillging flom 15 tt] 100.” Fol (:0; Ily



drogenation, Beattie reported that reaction equilibrium was reached in 2 to 4

weeks, Water and CHd vere the principal products with mi,lor amounts of

CO(2%), C2Hq(3%), and a polymeric material that was probably a hydrocarbon.5

The products of CO hydrogenation were H20, C.Ha, C02 and a polymer that was

probably paraformaldehyde.b Studies F*z Douglas also identified H20 and COZ,

along with acetaldehytie, glycol, glyoxal and paraformaldhyde as CO hydrogen-

ation products.’

CONCLUSIONS

The results of this work indicate that the residual C02 in glass ICF

targets can be hydrogenated to lower-Z species during the permeation f~lling

of the glass shells. Deuterium reduces C02 to CO, while DT or T2 reduce C02

to a mixture of CO and hydrocarbons, Water, a major byproduct of these re-

actions, is lost by out permeation. Evidently, 6 radiation facilitates the

complete hydrogenation of CO;. Future vork will determine the catalytic

activity of the conventional ICF glass shell surfaces, and shell surfaces of

glasses that have been doped with transition metals. In addition, we plan to

determine the kinetics of these reactions and tlie eftects of 6 (from both

tritium and external sources), gamma, and possibly RF radiation on the rear

tion rates and product distributions.

Table 1. Residual COZ in glass shells are completely reduced by Dz to CO; @
radiation facilitates the further reduction to hydrocarbons.

Extent of Reaction Product Distribution

Fill Gas of Coz co cn4_ qH4— ——. .———— —.

D2 :9s% 100% 0 0
DT >95% 60% 40% <1%
T2 >9(!% 40% 53% ?%

Ni)l’E : No D20, DTo, or TiO was found irl above analysis. ,~t the Ieaction tem

peratures of .360’’(;, HZO is expected to be lost by permeation lhtough
the g\ass.

I’li
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tlEASUREMENT OF GLASS SHELL BUCKLING STRENGTH
USING A PIEZOELECTRIC FILtf SENSOR

by

Roger G. Schneggenburger, Loretta A. Loughrey
David A. Butkievicz, and Kathlyn A, Bandy

The importance of glass shell strength becomes clear vhen one attempts to

fill 100 carefully characterized, thin wall glass shells with a high pressure

of fuel gas. Unless care is exercized in controlling the driving pressure,

many of the shells will break, wasting the time and effort of characteriza-

tion and losing valuable shells.

KtlS Fusion has pursued sheli strength studies for over ten years. ye

have learned that vhen glass shel s fail from excess stress (both compressive

and tensile), they emit a pressure pulse. Filled shells, for example, when

removed from the pressurization chamber, can be heard popping from across a

room, if filled to a pressure beyond the strength of the glass vans to con-

tain it.. This pressure pulse provides a signal for detecting failure during

testing.

Recently Pennvalt Corporation has advertised a nev piezo-and pyro-eler

t.ric material it calls KYNAR~, a thin film made

This material has unusl~ally nigh piezoelectric

candidate sensor to detect the buckling collapse

EXPERIIIENTAL

of polyvirylidene fluoride.

[~sponse, t, d seemed a Kood

of glass shells.

A pressure chamber ves constructed by velding high pl-essure flange:;, with

pressure feed-thrus to ●ach end of a 9 cm x 2.5 cm (rll)) piece of stainless

steel tubin~ (see Fig. 1). Appropriate valves, tubing, and a pressure gauge

vete connected to one flange to bring nitrogen gas to the test charnbet and t{)

accurately read the pressure, up to 100 atm.

A small piece of KYNARM film, 1 cm x ? cm, vns attached to tile elcctl {(

feed -thru in the other flange, to vhich were also attached lemrfs to n digital

storage oscilloscope, Th@ steel pressutc chamber vas calefully KtIJ\lI\d{Id

during experiments to ptevent noise it) the rrsci 1 loscopr trace.

To run a strength test, one f Iangv 0! the prr..slll~ chwrthvl vi ‘( t r,movr,(l

and a me’nl slide, holding n glass shell foi tr*sting, v,ls ins~ltvd itlt(~ th~’

chnmt)rl . The shell Ilad beert catef~llly Ihatartv[ irvd t~)t f~ll n!)d wt~ll tllitk

1,’/



ness, and was held in place on a small piece of double sticky cellophane

tape. The flange was replaced, and pressure in the chamber slowly increased

until a sharp vertical line appeared in the socilloscope trace, indicating

the shell had collapsed. The system pressure was recorded, pressure vented,

and the cycle repeated with another shell.

All tests were run at room temperature. Placemerlt of the shells in the

chamber was varied; the largest signal was produced when the shell was a

short distance from the film. At least 50 shells were measured in this man

ner for each batch tested.

RESULTS—.—

For each shell collapse pressure was plotted against

acco[-dance with the equation for buckling strength,

2
P=

*) “ r)(m

vhete

P.

E.

v.

v.

or) *

ptessure at whit 1 the shell collapses

Young’s modulus

Poisson’s Iatio (0.21 fot glass)

shell wall thickness, in urn

shell outside diameto~ , in Urn

‘rhe slope of the best sttaight line through the dntn

I ,11
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CRYOGENICMECHANICAL CHARACTERIZATION OF L@J-DENSITY POLYMERIC FOAMS
BEINGDEVELOPED FOR DIRECT-DRIVE IASER ICF TARGETS* (UNC)

Clarence Thomas, Jr., D. Lynn James, Stephan A. Letts,
and Steven C, Mance

LJnlversity of California
Lawrence Llvermore National Laboratory
P. 0, Box 5508, Llvermore, CA 94550

JNllQDucTLQ~

It is extremely important that we measure the Low Temperature

Coefficient of Thermal Expansion (LTCTE) of various foams presently being

developed for ICF targets. We must characterize the thermal expansion

behavior of foam materials

be preparea In a nominal

approximately 20 K for fill

EXPERIMENTAL GQAL

at cryogenic temperature because the foams will

room temperature environment and then cooled to

\ng with liquid DT.

O[lr goal was to characterize the d!menslonal change of foams over a

range of 300 to 15 K. This experiment was accomplished by utilizing a

PerkIn--Elmer TMS-2 Thermomechanical Analysis System which was originally

designed to operate from 400 to 90 K whtle observing the dynamic m[?cnanlccil

behavior of a test specimen as a function of temperature, frequency, and

stress modulation, After modifying thts system for lower tempvriiiur~’

operation, UP were able to characterize the dt.)solute

expansion of five foams. The dynam!c mechanlc~l behavtor

function of cryogenic temperatur; t will not be inc~ud~d here.

EXPERIMENTAL SYSTLM MODII”ICATI()!(S

Our mod{flcat!ons to the exlstlng syst(!m Included

terr,perature rang(? to l!I K, a:ld lnstall~nq a non-cont,]rt

transducer !nto the m(’fhi~r:lc,il~lrcult which 1s approx{mat[’l,y

contraction 01’

of foiirnsa!) d

I ‘*.’



sensitive than the original system (see Fig. 1 for a photograph of the LTCTE

System). The operating temperature of the system was extended to 15K by the

design and fabrication of a new cryostat with feedback temperature and

cryogen flow control capability (see Fig. 2 for a logic diagram of the

improved system). The sensitivity of the length sensing transducer was

improved by substituting an eddy current transducer for the existing LVDT.

This new transducer was determined to have a sensltlvlty of 1 micron.

EXPERIMENTAL TEST.SIS1lM

Specimen length changes and temperature are recorded on a x-y plotter as

well as on a H.P, 9836 computer which incorporates a temperature measurement

feedback loop and also controls the cryogen flow. This system can be

operated in two different modes: static length measurement as a function of

:ernperature, or dynamic mechanical spectroscopy. In the static measurement

msde, a constant loiid force ts applled to the sample specimen and the length

chang~c are recorded as a function of temperature. In the dynamic range

strvss can be selectively imposed via a l!ne~r electromagnet and Is driv[?n

by the control unit in either square-wave, or slnusiodal form with

selectable modul~tion frequency usable In the ranges from CI.01 to 10.0 herz

for the observation of the dynamic mechanical behavior. These length

changes are also recorded as ~ function of temperature.

EXPERIMENTAL DATA

our f!rst series of ~xper!ments involved measurements of th~ therm(ll

contraction !n the tempt:raturc range of 300 to 1S K. The foams were

prepared by vibratom!ng samples !nto rectangular pr!sms with dlmt?nslon:,ol

5x5x7.5 mm. The Iow-density foams tested wer[? polystyrene’ (ps),

resorcl nol-formaldehyde (RF), carbonized resorclnol-form,~l(jehy(lf’ (cRI),
cellulose acetate (CA), and sfl!ca ~erogel. The fractional d!mor~slon,ll

change or pe!ccnt of l!nedr shrfnkago or expansion as a function of

t~mp~rature 1s shown in II(I. ‘1 lIIP corltr,~rtlor]of 1)S fo,lm to l!) K was

m(’{~surf’dto he 1,4%. HP m(’,lsur(!d ~~xa(tly thu I,timP t)vh(~vlor ofl L,,IIIIpl (II) of

rul1 d(’nsltj PS which w(’rf’u5Pd for lnltl(il ((illhr(~tlotl t(’’lt’)of Itit’

:,y~,t (1111, I Itl’l”dtllt’f’ L!ilu(”) of th(’ thf’lm{ll(otItr-(l(i1o11 of 1’(),iI(III’lt(1(1,iI)



1.5%. CA and RF foams have very similar thermal contraction behavior with

values of 0.6 and 0.55% respectively. Both sillc~ (.erogel and CRF expand on

cooling by 0.1 and 0.15% respectively. The expansion of mater~als having a

pldte morphology, such as polyethylene, on cooling has been observed

before. The overall volume of the material drops with temperature, however,

the dimensions of the material do not change uniformly. The material

contracts strongly in the thin dimension of the plate. Th~s strong

contraction causes the length dimension to actually increase.

QQSE!?VATIQNS

He have noted contraction e~cursions in both the CRI and the aerogcl

foams during subsequent warm-ups after cooling to 15 K. I’hese excursions

appear to b~ caused b,y adsorption phenomena which we have eliminated by

annealing the test specimen und[’r ultrahigh vacuum at 120”C for 48 hours

prior to LTCTE experim~nts. For th~ purpose of target construction it would

be desirable to have no thermal contrtict!on, however, having accurat~

measurements of the contraction/cxpansfon allows UL to predict the final

d!mens!ons. From these results, we can conclude that the CRF foams are

potentially superior to FS In th!s respect, Targets can prob~hl.y bo

successfully nmd~ from PS foams, but the Iargcr therml contraction m~y mc,in

significant ch~llenges for the target desfgn,

111
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DRYING STUDIES U INVERSE-EWLSIU POLYSTYRENE FOAMS”(UNC)

George F. Overturf III

University of California
Lawrence Livermore National Laboratory
P. O. Box 5508, Llvermore, CA 94550

INTRODUCTION

Polystyrene (PS) foams are being developed as candldat~ materials for

direct-drtve ICF tarqets. He are usinq an Inverse-emulsion system originally

developed by Urillever Research Laboratory.’ A water-in-oil (wJ@)

high-internal-phas~ emulsion (HIPE) Is made by using a surfactant such as

sorbltan monooleate (Span 80) and a wio ratio of 90/10 to 95/5. The 011

phase Is a 50:50 mtxture of styrene nd dlvlnylbenzene (DVB) monomers, and

the surfactant Is usudlly 20wt% of the 011 phase. The DVB Is added to

Increase the strength of the fuam through crosslinklng. The water phas’?

contains sodium persulfate as a thermal polymerization Initiator.

Once a PS emulsion has polymerized, the water must be removed from the

foam structure by drying ~n a vacuum oven to produce the void space wlthln

the foam, It Is desirable to remove the water as rapidly as possible

hlthout damaging the foam. The drying rate may also reveal something about

the structure of the foam. He have found that the wi]ter wI1l rust out the

mechanical vacuum pumps normally used on the ovens. To solve this problem,

a new type of vacuum pump which works on a venturi prlnclple was selected

because It would pass the water without any harmful effects. The mechanical

pumps would evacuate an empty chamber to a base pressure of approximateiv

50 mTorr, but the base pressure for the new pump was approximately 7 icrr,

The]e was concern that the rate of drvlng would de;rease, thus slowlng the

production rate of PS foams, but Inltlal comparisons between the two pumps

yielded s!mllar drying rates. This prompted a study to determ?ne the

mechanisms of tho drylr]g proces~ aIId to sce If Its efflclcncy could be

●Hork performed under th[?ausp!cos o(” th{~Il. S. Department of Fn~rgy by th~
I,lwr[’llcc[,!vermore Ndt!ondi ldt)ordtury undel” l:ontrd~t llUmbt?rH-)405-ENG-4H,

I l}{



improved by changing the temperature and pressure.

In order to me~sure the rate of water removal with time, an electronic

balance with a remote display unit was place inside a vacuum oven, The

remote display unit had an RS-232 output which was fed to a computer for

data logging. Logging increments were typically 10 min.

The oil portion of the PS emulsions used for this experiment consisted

Lf 42wt% styrene, 42wtii DVB, and 16wt% sorbitan morrooleate, The samples

were emulsified usfng a counter-rotati ng mixer. The densities were

approximately 80 mg/cm3. The emulsions were polymerized in a 50 ml

p!astlc syringe, Polymerizatio~ was carried out in an oven at 50”C for 24 h.

After polymerization, the cont~iner was sectioned using a band saw, leaving

cyliridrical sections which were 0.5 or 1.0 cm thick with the sides still

enclosed in plastic. The samples were placed In the vacuum chamber on the

zeroed balance, d~ta logging was initiated, and the vacuum pump was

activilt[?d.

Simply viewing the data as weight versus time yields a declining curve

which yields ltttle information on the mechanisms that drive the drying

process, but one can determine the total amount of time it took to dry the

sample. When looking at the rate of drying versus time, it becomes apparent

that there Is initially a sharp increase in the drying rate due to the

evaporation of surface water. The balance of the drying process is

relatlvel~y slow, The lncons{stencles in producing the samples caused slight

variations In length which do not affect the area through which evaporation

occurs, but do Increase the volume of water removed. SincP this determines

the amount of time to ~~mplete the drying process, and the purpose of the

experiment was to compare the rates of drying, It was decided to normallze

the volume of water by looking at the drying rate as a function of the ratio

of the weight of water to that of dry foam, Sfnce all of the samples were

made to the SMW bulk density, the rat!o of water to poly~t.yrene foam {s

constant, and the drying rates can be comp~rcd. Figure I shf)ws thu reslults

of three run$ plot i[!dIn this mann[~r.

lIILJfir,t ru[l w,I~, IIM(IP w{ th tht’ [)v(? II (It ~inri)l[Int t(~nli~(~r~~tur(~ And tII(’

venturi pump ,~tl~l(~vlt]{j,~ h,i’,t~prt):,’,(ll(iOf /{ 1o11. ltlt~$()(()tl(fr(ltlW, II, ,il I,()

a t amhlcnt tunlp(’t,if:i,“f’1)’.ltWlttl d Ill(t(tl,llli( ,ilpump Whi{ tl ,1( hl(~v(t(i 200” nllorl’.



There is very little difference in the two rates, an(i the total drying time

for both was approximately 8 d. The third run was with the venturi pump but

with the oven at 50”C. In this case, the rate of drying has roughly

doubled, and the samples dried in about 4 d.

The increase in drying rate with temperature is to be expected, due to

the increase in the rate cf evaporation of water, but the lack of any

pressure effect w~s somewhat su~prising. In order to get more information

about the process, the experimental set-up was modified. A vacuum

transducer was attached to the oven so that pressure ~.ould also be logged

with each weight reading. The internal temperature of the foam sample was

measured and logged to determine the amount of temperature drop due to the

heat loss from vaporization.

The emulsion formula and method uf preparation were the same as for the

previous experiments, but the emulsion was cast in a 250 ml Nalgene

container with 30 gauge type J thermocouples arranged so that the junction

was in the middle and the leads separately exited through small holes

drilled on opposite sides of the container. Each sample had three

thermocouples which were spaced top to bottom so that one was in the center

and the other two were 0.5 cm and 1.0 cm in from their respective surfaces.

Polymerization was performed as before, and the container was sectioned into

a plastic-encapsulated cylinders roughly 3 cm long with two expos~d faces

6 cm in diameter. The samples were placed in the vacuum chamber on the

zeroed balance, and a fourth thermocouple was placed so that it touched the

center of the surface of one end of the sample. Data logging was Initiated

and the vacuum pump wa~ activated.

The result~ of three runs made with this system are shown in Fig, 2, It

Is clear that the shape of the curves has changed somewhat with these lt~rg[?r

samples. The effect of Increasing temperature is again observed. In ord~r

to test the effect of increasing the flow through the vacuum oven, a sample

was run where a dry nltrogei~ gas feed was attached through a needl[? valve to

th[? drying oven, which raised the base pressure f’rom 8 Iorr to 11 Iorr.

1!11s dld Increase the drying rat[’, although not OS mu(h d’, in(. re{lsln!j th[’

t(~nlp(’r,~turp, and the sample dried tn 2.5 d.

Her{” informatlqn can be t)tjtt~lncd whl’n tht~ s(impl(~ f[)rc tt’illl)f’l(ltlll(’ i’,

1(,()



observed versus moisture contei~t as shown in Fig 3. In the beginning the

water/foam ratio Is a little over eleven to one and still at a slig$tly

elevated temperature from having just been taken out of the polymerization

oven. After the vacuum pump is turned on and the water begins to evaporate,

temperature throughout the sample drops sharply due to the loss of heat

required to vaporize the water. The temperature remains depressed until

nearly 80% of the water is removed, which occurs In only about half of the

total drying time. At this point the temperature begins to rise from the

out~r regions of the sdmple towards the center.

In the case of the sample with khe nitrogen purge, the Internal

temperatures dropped below OeC, indicating that the water may have frozen.

If this is the case, it will be necessary to determine whether this has any

deleterious sffects on foam structure. In a preliminary experiment on

another vacubin oven sy~tem, SCM analysis showed no changes, but this needs

to be confirmed.

These temperature measurements and preliminary X-ray radiography

experiments on partially drlad foams suggest that the water surface is

moving from the ou~side of the foam to th~ center. Our n::xt step is to

develop a model of the drying process whtch explains all of this da:a.

REFERENCES
1. Unilever Research Laboratory, Emul sl~K__l~cBSi. .....f.w.. ..-kkkl P.9_. IQ.iirnS,
European Patent 60138 (Sept. 3, 1982).
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CURRENT DEVELOPMENTSIN PVACOAIING
OF K)LYMER MICROSHELLS

Kenneth J. King

Unlverslty of California
Lawrence Livermore National Laboratory
P. 0. Box 5508, Llvermore, CA 94550

ABSTRACT

Somu of the targets shot In the Nova Laser use a polymer mlcroshell

mandrel coated with a PVA (polyvlnyl alcohol) gas retention !ayer and a CH

ablator layer. The PVA coating Is formed In a separate process frGm the CH

coating. A number of design changes hav~ been made to the existing PVA

shell handling and coating equipment. These changes have resulted in

slmpl!fled and faster shell handling; Increased yields; pIuveiI ver$at!l~t,y
of the system; and, greater accuracy of trace gases In the coated shells.

IN”IRODUCTION

New target ~pecil”lcat!ons and resealch toward Increased nroductlvlty

have brought about chang[’s in the original equipment developed for PVA

coating of mlcroshclls.

SCOPE
Th!s paper 1s an !ntrorluct~on to the equlpmcnt In usc for PVA coatlnq of

polymer m!croshclls at LLNL. It 1s an abridged vcrslon of the postor

session of the same t!tle prescnt~d at the 19(3R Target Speclal!sts’ Meetlnq

In Los Alamo~, New Mcxlco. l-oradditional information about the PVA co.ntinq

syst~m tn U$C at lIN1. thr follow!nq paper hy this author !~ rcromm[}ndl’rffor

further reading: FAI.IRICAI1ONANEI OPERATING OF A SYSILM [OR Tti[ I’VA COAIING

OFPOLYMLR MICROSHELLS WITH TRACE GAS FILL.

11,’1



I. ~llfied and Faster Shell H@ndling:

A. Shell DisDQ&! .nq Eauipm~n~

When the plastic microshells are produced in the drop tower they

are collected in a 6 inch diameter petri dish. Features of a petri dish

full of plastic shells are:

1. The shells have a very strong static change which makes them

difficult to move aroucd and separate one from the other and

from the petri dish.

2. They often are clumped together in large numbrrs and are

difficult to separate due to the static charge.

3. They are often interspersed with microshells of a diameter

other than the desired di?,meter. The shells of different

diameters are often small enough to cause problems with PVA

coating if they ~re processed along with the shells of the

correct diameter.

To prepare the shells for PVA processing an acrylic pla~tic tube Is

placed over the petri d~sh. Some of the shells are blown out of tho

petri dish onto th~ walls of the plast{c tube using a small diameter

polyethylene hose i. d house alr at a regulator pressure of less than 1/

psi. The plastic tube !s then plac~d onto a flat plate from which th(?

shells ar~ collected for processing. The shells are blown off thr walls

of the plastlc tube onto the flat place. This proc~ss allows the shells

to be rflpidly separated for processing without damaqlng them or

Introducing fore{gn matter on the $urface of th[?shells.

Il. P~tkup tool system (Figures 1 and Z)

The m!croshells are prepared for PVA coating by vacuuming tllum into

glass caplll,~rles (microplpet~es) wh!ch are 5 lnchrf (125 mm) long and

(for 425 micron o.d. shells) have an Id, c)( 5?0 rnlcrons.

Charactcrlstlcs of working with the mlcrop!p~tt[?s arf~:

1, They are rathrr fraq{![?.

2. lhc op(’ratl, mu~t nhllflt[ilnthv mltrt)plp(’tt(’w!th d it(’,](iyI},ltl(l

f(~r (’xtf’l]d{’dp{’rlod$ of t!111(’ (mllllmulll of J() Inlrlllt (“) fol” f)

[aplll(lrl(’’l)!

1{!1,



II.

3. During this time the operator must be able to move t!le

capillary diagonally 800 microns minimum (approximately 1,800

times for 6 capillaries) to keep from crushing shills or

vacuuming up unwanted shells while moving to new locaticns on

the shell collection dish.

A semi-automated system was developed for the shell pickup

process. The system greatly reduces the tedium and strain previously

associated with picking up shells; reduces waste; and, increases

reliability and speed.

ln~wase; flq]ds
Hhen the microshells are injected into the drop tower for drying an

Interplay of events affects the yield per run (Fig. 3). Studirs were

made to charatterlze these events and !ncrease the yield and rellablllty

of the column. The events studied \rPre:

1. Shroud location in in;

2. Captllary location In

3. Speed of flow of shel

4, Cleanliness of shroud

5, Pampness of saturator

ecl~r.

shroud.

s out of capillary.

wick.

6. Flowm~ter s~ttlng on stripping gas.

7, Temperature of PVA bath,

8. Flowmeter settlng~ for column gds Inflow and outflow,

9, Column temperatures.

Results: The column iS now 100% reliable with a 5% inrrpas~ In

yff’ltf. The main feature Is the 100% reliability. It is much eas!er to

schedllie a PVA run w!th conf{dencp that there w{ll b~ product from thu

run to m~et progranurmtlc Iicpds.

111. Vcr$atll!ty of tllo$i~~tcm

(Ilflnqilllttlr(jl’tIipo[I!!(-[ltlfjfl~r[~qulr(~d(]1]VXp,IiI’)lOrl of tt)tl I)I;(I’I

of” shol IJ (o[lt(’(jw!t.!}I’VA $olot”(01),~tld(t}llf)(j(”,in th(~ qu,ll{ty of th(~ I’VA

(()(11Ill(/’l,

A ~.(jdt!ll[J :)IIIII1;c)f VL1l’~11)~ d~dlllL’tU13J

\l!;



1. The glass capillaries Into wh!ch the shells are gathered were

studied. Shell diameter to required microplpette dlam~ter was

characterized.

2, The procedure for handling the capillaries was modified to

handle the various shell diameters.

3. The column characterization elements wpra studied and modified

to accept the changes in s!lelidiameter.

Results: 300-700 micron diameter shells are now processed.

B. D2RI nfl.tb!l!’vA_...l.lut.!onfl

Trace amounts of LiCl were added to the PVA solution. The

resultant solutlon was succes~fully coated on the polymer mlcroshells.

No major changes to equipment or proc[’dure were required for this

function.

IV, Gredtgr ~CCUTacy~f Trace @SES Ir! the CQdted shell$.

After the mlcroshells are in the glass caplllarier the shells arc

coated with PVA solution. Before the shrlls are coated atmospheric

gases are eviicuiited and are replaced w{th precise amounts of trace g(]ses

(using a dlfferenttal pressure gauge).

The key elements to this functton are:

1. Wtthout the PVA solutlon coattn(j on the $nells all gflses

dlffusu through the polymer shells almost Instantly,

2. Wet PVA sol~utf(on apppars tio provtd~ the barrier nccc!od to stop

the Instant:anuoui dlffuslcm of gasvs through the shells,

In order to control the ga$c> that are Inside thv SIII}lIS ,~t t,ho

{nst,~nt thu shells ar~ coated wtth PVA solutlon a vacuum co,*tlr~grh,~ml)vr

wds dcslgned (f”’g, 4), Ihc vacuum chamhur IS evacuat~d; the pru(-l[,r’

amollnt of tra[+e gas ts flow~(i Into th[’ chamber; to k~(’p th[’ PVA solutlol]

from ho!llng thp ch,~mhor 1$ ftllvd to 3.00 p$l bt)low dtmo’;pht’r~’ with

[) t;) B and, thr? PVA s.o;utli)n if flowr’d into (’arh (apfll,lry.

;~’!()/M
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METROLOGY ADVANCEMENTS IN TARGET ASSEMBLY*

Marita Spragge, Daniel Donovan and Dean Harms

University of California
Lawrence Livermore National Laboratory
P. O. Box 5508, Llvermore, CA 945S0

The ~uciess of laser fusion experiments depends a great deal upon the

degree to which assembly tolerances are achieved. Accurate means of

meaurtng target components and their placement is therefore critical.

Jn the past, target measurements were accomplished by first calibrating

a reticle In the microscope eyepiece to determine the number of microns per

division on the reticle, The part to be measured was placed under th~

microscope and reticle divisions were counted, This worked reasonably well

at high magnification where the number of microns per divlslon was small,

but was much more inaccurate on low magnification where one division could

equal eighty microns, The first Improvement to our metrology came with the

acquisition of the Unitron mess.:ing microscope (Fig. 1).

With the Unitron, targets or target parts were measured by manually

moving the stage {n the X and/or Y direction and reading the digital

d!splays. It was not, however, designed to measure angles and, therefore

was not able to complete the metrology required on many of the targets.

A Nikon optical comparator w!th digital displays (Fig. 2) was the next

addition to our metrology tools. It had a vernier around the screen so th~t

angular measurements could be taken. The stage was modtfied to allow a

target, in Its bas~, to be placed below the normal level of the stage in

order to h,~vc enough travel in the Z dlrectlon. Wfth this ,nodlflc~t!on,

measurem~nt of all dimensions and angles was poss{ble, However, b~’ause the

Nlkon Is a shadowgraph there were problems defining featlJres on the top

surfaces of targets. The Nlkon was the prlmar,y metrology tool In t~rget

assembly until arrival of the Powellscope (I!g. 3.).



The Powt?llscope was designed by Roy Powell of the Atomic Weapons

Establishment (ANE) in Aldermaston, England. It was assem~led in England

and brought to Lawrence Llvermore National Laboratory to aid the AWE

personnel In the metrology of their targets which were being shot in Nova.

The Powellscope system consists of Kllnger components with pushbutton

controls, digital displays and a motorized target base manipulator with

X,Y,Z and rotational capabilities. Linear dimensions are measured to one

micron accuracy, Angles are measured to a hundredth of a degree. The

forty-five degree inspection scope has a manual focus, a manual zoom and

camera back. This system allows the target to be viewed from the same

perspectives as any of Nova’s laser beams or target chamber diagnostics

(Fig. 4). The Powellscope is the primary metrology tool in use at

Livermmore today.
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FORhlATION OF SPHERIcAL=SHEI.L SK12 AEROGEL l)I:LI.KTS
BY A SOL-GEL MIiTHOD

BY

N. K. KIM, R. F. FALKNER, K. KIM. D. M. MI LLAR, AND 1). A. I’AYNE
FUSION TECIINOLOGY LARORATORY

UNIVERSITY OF ILLINOIS
[JRBANA. 11. 61801

AND

R. S. LJPADIIYE
LA\VREN(:E LIVERMORE NATIONAL LABORATOR}’”

1.IVERN1ORE, CA 94550

AUSTKACT

A SYSTEN1 WAS I) ESI(; NEL) T() I’ROI)U(:K lIOI,l,OJV”Si02 SI)IIKNKS 11}’
(: ONTROLI” k:b IIYDROLYSIS ANI) (: ON1)ENSAI”ION” REA(:’I’10NS () I
TF:TRAK”IIIY 1,ORI’IIOSII.1(’ATE” (TKOS). IN 1.111S SYSTEhl, AN A(”ll)l(’
SOI.l;l’l(~N OF TlioS, W’A’l.~R, ETIIANOI. (SOB,VEN1”), AN1) NITRI(’ A(.11)
((:ATAI , ST) WAS AI, LOWE1) T() FI,OW TIIR()[:(; I[ A I’AI}EKED P}’ I{I;N ‘1-[:1{1:
(OIJTEK NOZZI. E) W’1ll(:11 (: ON’I.AI NED A (: OAXIA1.l.Y -hlo!’N”l.Kl)”
II YPOI)KRIII(” NKKDI,K (lNNt;R N07.7,1, F:). l’AssA(; kl OF N:/Nll J’l.lll{ol’(; l[

.I’IIK INNER Nozx.1,1.: FOR%lEI) Ilol,l, ()$v I)ROPS A’]. TIIK ‘1.11’ OF TII1’: I’}’l{i’:x
‘1. [JIIK. “1.lifi I) ROI’S \VhRK i.~\’l.]”A”l-l;l) IN A ll,\SI(” ATi$loS1’ll}141; ,\Nl)
(“ONSF:QIIENTI.}” (“OSI)I:NSII) “1.() Fol+hl l)01{()[1 S 1101.I.OW’” S1]l[l”:l{l,:S.

WOI{K Sill’1’ol{l”l:l) 11}” ‘1’1[1( I’NI-l”l(l) STAT11:5 l)ll:l’,\ l{.-”hl I{N”l” OF l:S1:l{[;}’
liNl)l.;K 1,1.NI, SIIII(’ON’I”RA(.’I” # 41110-105
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lN-rRODU(XI()!V

A SYSTEM IS UNDER DEVELOPMENT ~ [] ~? T 1I 1{

FABRICATION OF HOLLOW SILICA (Si02) AILR()(;I{IJ

SPHERES BY HYDROLYSIS AN1) CONDENSATION REACTIONS

OF TETRAETHYLORTHOSILICATE (TEOS). AN ALKOXID1l

SOLUTION OF TKOS, WATER (H20), ETHANO1. (lHOH), AN])

NITRIC ACID (HNO~) WAS ALLOWED TC FI.OW T1fROIJ(; li AN

OUTER NOZZLE OF A l) LJAI.-NOZZI.K SYS”I’KM, ANl) A BAS1(:

GAS MIXTURK (i.e., N2/NH~) WAS PASS131) TIIRO(. J(;II A

COAXIALLY-MOIJNTItI) INNI;R NOZZLE T() I~ACILITA’1 ’1:

(; ELATJON AND SPII1:IIICAI. S111;1.1, FORMATION,” TI1(JS

l} ROI)UCIN(; A CONTINt.loUS” STREAM 01+ 1101,1, ()\\”

SPIIERIC AI, l) ROPS.

IN TIIE PRESENT S“I’[.JI)Y ‘1’111; 1101.I.OW” I) RO1)S Wl~;R1~:

I.lVI’lATIiI) IN A BASI{: AM MOXIA ATMOSP1lE1<I: l; ]’
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DETAILED SCHEMATIC OF” THE DUAL-NOZZLE SYSTEM
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SUMMARY

● A CONTINUOUS STREAM OF UNIFORM HOLLOW 13ROPS
OF TEOS SOLUTION WAS PREPARED USING A DUAI.-
NOZZLE SYSTEM.

● INSTANTANEOIJS GEI.ATIO- ! WAS ACHIEVED AT
SEVERAL COXIPOSITIONS.” TIIE CONIPOSITION 1+’01{‘1’111;
slIoI{rri;sT ‘rIiME TO GELATZON }VffS DI<XEImIINKIJ IX) IH;
frhxx : KtoII : H~O = 1 : () :4 Al’ ‘# = 2.

● IIYIIROLYSIS 01~ ‘1’11(1SSOLU-I’[ON” CAN O(:CLJR IIVltN
}VITHOIJT ‘lIIK ADI)I’1’I()?4 OF”I~;!OII (AS A MUTIJAI,
SOLVENT FOR TEOS AND 1120), l)LJE ’10 TIIE SEI,I+’-
GENKRArI’ItI) EtoII ‘rmr IS A IN-IW)DLJ(X 01: ‘1’lIIi
RI: AC’1’ION.
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WORK IINPROGRIMS

INVESTIGATION ANI) OPTIMIZATION OF PROCESS
PARAMETERS WHICH CONTROL THE PREPARATION AND
PROPERTIES OF HOLLOW Si02 AEROGEL SPHERES :

● SIZE OF THE INNER AND OUTER NOZZLES, ANI) THEIR
RELATIVE POSITIONS

● COMPOSITION, TEMPERATURE, #, AND VISCOSITY
OF THE ALKOXIDE SOLUTION

● FLOW RATE OF THE ALKOXII)E SOLUTION AND ‘lHI*;
BASIC GAS

● CO.MPOSITION OF TIIK FLOW GAS (e.g., 1<.4’1’10 lJET\f’I~;l;N
N2 ANI) NH~)



LObi-DENSITY CELLULOSE ACETATE FOAMS FOR DIRECT-DRIVE
iA3ER ICF TARGETS*(UNC)

Chuck Chen

University of California
Lawrence Livermore National Laboratory
P. O. Box 5508, Livermore, CA 9Y550

INTRODUCTION

Cellulose acetate (CA) foams hold promise for direct-drive ICF targets

because of their extremely small cell size, which appears to be in the rai]ge

of 0.1-1 pm. He began our development of CA foams in 1987 and are making

good quality foams with densltles of 40 to 50 mg/cm3 and cell sizes less

than 1 micron. The structure of the foam is determined by a ph~se

separation technique. The foams are machinable, appear to be moldable, and

wick l~quid hydrogen. Gelling studies have been done to correlate the

cooling rate and composition to the structure and strength of the dried

fodms . He have studied CA fo~ms from gel concentrations of 2 to 15wt7.. TIIE!

compressive moduli of the foams are on the order of 0.3 MPa to 28 MPa fo:-3

to 15wt% gels respectively. The densities of the foams are predictable as a

funct~on of gel concentration.

GEL PREPARATION

The foams are made by a ph~se separation technique, which is based on

the solubllity behavior of CA in benzyl alcohol. At temperatures greater

than 45-509C, CA has a very hlgb volubility, but below 45°C the solublllty

drops off sharply. This allows the foams to be made in the followlng

mannel, The CA Is dissolved in benzyl alcohol at 11O’C and cooled to 30 to

4!i”c, where gelat ion takes pl~ce, The coollng !s done in a water bath dt

programmed rate; of 20-35°C/h, A seri~s of solvent exchanges from I]enzyl

alcohol to cdrbon rtioxlde 1~ required to allow superrrlt{cal drying from

Iu(,



cart.m dioxide. First, henzyl alcohol is exchanged for toluene, then the

toluene is exchanged for liquid carbon dioxide, and finally the carbon

dioxide is supercritically extr?cted. The entire process takes 5 to 7 days.

PROPERTIES

The densities of the CA foams range from .28 to 225 mg/cm3,

corresponding to gel coilcentrations of 2 to 15wt% respectively. The

densities are higher than calculated due to some shrink:~(~c?resulting from

the drying process. A scanning electron micrograph of the foam structure is

shown in Fig, 1. It ‘is very difficult to e:~tract reliable structural

information because the resolution is poor. An accurate assessment of foam

structure will be made from a TEM study $imilar to the one done for RF

foams. The X-ray radiograph showi, in Fig. 2 shows that the material is very

uniform. The compressive mdu;i of the foams rdfIge from 0.3 MPa for 3wt%

gels to 28 MPa for 15wt% gels HET surtace area analysis yielded values of

600 tO 800 m2/g. Thl~ ;~ (lmilar ‘to the values for

resorcinol-formaldehyde arid silirfi :~~:rogel. The coefficient

expansion of the foams h?s be~tl ,fi~asured fram 300” K to 2(3

determined to be 0.6% cotltractio):.

Tritium expcsure and w!cklng test$ are curr~ntly in progress.

ALTERNATE CHEMISTRIES

of thermal

K afid was

Other cellulose esters were looked at to see if the mechani~al

propcrtie$ would be improved. These have the basic cellulose structure.

F~g, 3, but have different types of ~sterification of the hydroxyls of the

ring. The materials used were cellulose tri~cefate (CTA) R, R’ and R“ =

acetdte, cellulose ac~tate butyrate <CAB) R _ acetate, R’ - but,yrate, R“ =

hydrogen, and cellulose propionatc (CP) R - propionate, 1?’ and R“ -

hyrdogen. All of these were prep~red using the same mrthod at the CP1lUIOL(I

acetate and behaved similarly [!x(:cpt for ~orn[?diff[lrences ill p!ly$i((ll

properties, mainly the!r soluhillt,y in ben~yl alcohol. ThP (-P dissolvu(i ir~

the benz,yl alroh(;l, but (11(1not scp,l}’,lt[!()(11Wtl(ll)(()()I(J(I.lh[?( 1A ,~r](i(A:]

dis~olved and ph~ise separation ()((urr~~d when th(~ywllr(~(()()l(l[J.III(‘,(J(~(~1’,

wer-cpro(.esfed dnd dr{f~{!to fo{im~,. A .I.[lwt%!;{’Iof ( 1A yi(ll(!ii(l,1 fo,lmwith

I’)(I



a density of 80 mg/cm3 and a modulus of 0.56 MPa. The CTA foam seemed to

be more rigid to the touch than CA foams due to a larger percentage

crystal linity. CTA requires a higher temperature to dissolve ihan the other

cellulose esters and is more difficult to get into solution. The processing

of the CAB gel was the same as for CA and CTA through the solvent exchange

steps, but when the CAB gels were pressurized in the super critical

extractor with liquid carbon dioxide, the gels almost immediately collapsed,

making CAB unsuitable for foams made by this process. He do not currently

have an explanation for this behavior.

A solvent/non-solvent system is being investigated as an alternate

method that uses a different solvent to dissolve the cellulose. The

cellulos~ acetate is dissolved in a solvent and then the solution is placed

in a permeable membrane container where the solvent is exchanged with a

non-solvent. The solvent and non-solvent used were acetone and methanol,

respectively. A gel +: formed by precipitation as the solvent is exchanged

with the non-solvent. The gel is then placed in methanol for a more

thorough exchange of the acetone, and finally the methanol is exchanged with

liquid carbon dioxide and the carbon dioxide is supercriticall,y extracted.

This approach is still being evaludted.

VIXQ$ITY MEA51JREMENT$ AND COOLING RATE [FFEcTS

Viscosity and cooling rate studies were made to determine the gelation

points cf the CA/benzyl alcolwl solutlon and to find an optimum cooling rate

to control foam morphology to Improve mechanical strength, Measurements

were made of viscosity versus temperature iisa function of time to determine

the gel point of the CA solution. The v!scosltles were measured with a

vibrating rod viscometer. Gels were prepared in 3 to 15wt% concentrations,

placed In a jacketed reaction vessel, and cooled from 90 to 20°C during 3,

10, and 48 hour periods. Cooling r~tes were controlled by a refrlgc, ate(i

circulator bath and tcmperati,re programmer. Additional samp!~’s w~rc plac~d

In the bath to be cooled at the same time as the viscosity sdmpl[’ so that



temperatures ranging from 33 to 45”C depending on the gel concentration.

The gel point incred~es with increasing concentration as expected. The rise

irlviscosity matches the observed gelation points of the solutions.

In Fig. 5, the densities of dried foams made from the gel samples are

shown as a function of gel concentration. The densities are very

reproducible and essentially independent of the cooling rate. There is a

linear correlation between the densities and gel concentration. The 3wt%

foams were submitted for X-ray crystallography analysis. The analysis

indicated all the samples were amorphous, but we may need to use small angle

x-ray scattering (SAXS) to observeany crystalline junctions. There were no

observable differences in the structure of the 3wt% foams cooled at the

different rates.

lY~RMAL ANA!xMIS
A comparison of differential scanning calorimetry (DSC) scans for the CA

starting materials and the dried foams showed no differences. This

indicates that there is no chemical change in +he CA during the foam-making

process,

CQNCLII~ION

During our first year of making cellulose acetate foams we have produced

a promising material. The properties measured thus far indicate that it

could be a good candidate fcr a target foam. Hork will continue or]

Improving the formulation and processing methods and doing addition,~l

testing of foam properties.

I’J.’



SEM of CA foam structure
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Radiographs show that cellulose acetate foams have
good uniformity characteristics 1~
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Figure J - Chemical structure of cellulose mwtdes



CeHulose Acetate gel points are
measured by viscometry I!!#
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The density of CA foams can be controlled by
adjusting the amount of CA in solution and is
independent of the cooling rate
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THERMAL ANALYSIS OF LO&DENSITY FOAMS FOR DIRECT-DRIVE
IASER ICF TARGETS*(UNC)

Steven R. Buckley

University of California
Lawrence Livermore National Laboratory
P. O. Box 5508, Livermore, CA 94550

~NTRODdCTIO~

Thermal analysis is an important tool in the development of low-density

polymer foams for direct-drive Laser ICF targets.’ In this preliminary

study, we have assessed the thermal behavior of the foams and s~me cf the

starting materials and mixtures used to make them, lie have investigated

melting points and thermal decom~osition. Ultimately we hope to correlate

thermal behavior with other foam properties.

9ACKGROUN(J

We are investigating three candidate foam materials for use as targets:

polystyrene (PS), resorci nol-formaldehyde (RF), and cellulose acetate (CA).

PS fcams are made from an Inverse emulsion system using a syringe pump

mixing device, After polymerization of the emulsion, the foams are dried in

a vdcuum oven. CA foams are rnde by a phase separation technique. The CA

is dissolved in benzyl alcohol at I1O”C and then allowed to cool to 30-45°C

where gelatlon occurs. A series of solvent exchanges leading to

supercritlcal drying from carbon dioxide is then carried out. RF foams are

made from a condensation polymerization of resorclnol and formaldehyde at

low weight percent in aqueous solution. Sod!um carbonate Is used to adjust

the pH, After gel formation and curing, solvent exchanges and supercritical

drying are performed to produce the foam. We are also studying carbonlzeci

RF foams (CRF), because carbonization at 105O”C dramatically improves the

mechanical strength of RF foams. Further details on the preparation and

properties of th~s~ foams m~y be found in Ref. 2 and Ref. 3.

‘Work performed under the
L~wrence Llvermore Natiuna

~usplces of the U. S. Department of Energ,y by
Ldhoratory under contract number H--7405-ENG-48

hP

I ‘/:{



EXPERTMENTAL

The thermal techniques used in this study included thermogravimetric

analysis (TGA) and differential scanning calorimetry (DSC). A Perkin-Elmer

TGS-2 and a Perkin-Elmer DSC-4 were used. Data acquisition for TGA was

throl’qh PerAin-Elmer Tadsoft, and Laboratory Microsystems software was used

for the DSC work. The TGA experiments were done under argon at a flow rate

of 20 cm3/min, while nitrogen at 5 cm31min was used for DSC. Most

samples were run in open pans made of platinum foil for the TGA studies,

although in some cases they were sealed in stainless steel pans with pin

holes in the lids. For the DSC work, stainless steel pans were weighed,

baked in an oven, and reweighed before samples were inserted and the pans

sealed. Typically samples were scanned at heating rates of 5.0-20.0°C/min,

as this range was found to give good resolution of the weight loss onset

temperatures in TGA. In DSC experiments, 10.O”C/min was found to give the

best resolution of endothermic and exothermic peaks and ons~t temperatures.

Finished foam materials were scanned “as 1s”. The starting materials

tested were obtained in the highest purity available from the manufacturer

and were used without further purification.

RESULTS AND DISCUS$IQN

Thermograms were obtained for two of the starting materials used in

making PS foams and are shown in Fig. 1. Sodium persul fate is used as the

polymerization Initiator. He investigated its thermal stability to

determine how much of the material or its decomposition products would

remain at 1050°C, since we would potentially like to be able to carbonize PS

foams at that temperature. Figure 1? shows that approximately 38% of the

original weight of the sample remains at 540”C, and the thermogram does not

change above this temperature. This amount of material would therefore

remalllafter any carbonization. Figure lb shows the thermogram of Span 80,

which is the surfactant used In making PS foams. The material begins to

decompose at approximately 150”C ~nd is completely gone at around 440”C.

This thermogranl corresponds well with one obtained from the manufacturer of

the surfact.ant.



Figure 2 shows a thermogram for a low-density PS foam. Much of the

early weight loss is ascribable to decomposition or loss of the surfactant,

but at approximately 440*C, the rate of weight loss accelerates

substantially, indicating that the polymer is decomposing as we;]. (The

surfactant constitutes about 17wt% of the foam.)

In Fig. 3, a comparison is made between the cellulose acetate starting

material and the low-density foam made from it. The thermograms are very

similar up to about 440”C, but above this temperature the foam seems to have

greater thermal stability. He do not currently have a good explanation for

this.

A study of the effect of carbonization of RF foams on thermal behavior

is shown in Fig. 4. As expected, the carbonized foam exhibits greater

thermal stability, since the volatile components have already been removed.

The sh~rp changes seen above 840”C are most likely artifacts introduced by

violent outgassing of the samples, and new sample preparation techniques are

being investigated.

Finally, we used DSC to assess the extent of moisture content remaining

in RF foams and the effect Of curing on this moisture. Figure 5 shows tne

endotherm associated with water loss for three samples. Curve 1 shows a

greater water content in a sample taken from the skin of an RF foam when

compared to Curve 2, where the sample was taken from the core. In Curve 3,

the effect of vacuum oven curing at 90”C is seen as a substantial reduction

in the endotherm,

CONCLUSION

Thermal analysis has proved to b~ a Ialuable tool in assessing the

properties of low-density foams and their starting materials. Me have

obtained a considerable amount of information which now needs to be

interpreted in terms of faam properties and structure. We will continue to

use this technique to assess thermal stability, and we plan to interface the

TGA with our gas chromatography and Fourier Transform infrared

spectrophotometer.

,’()(1
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DEVELOPMENT OF A DIE SYSTEM FOR IJK)LDING
TARGET PARTS FROM POLYSTYRENE*

Harold D. Kramer and Ravindra S. Upadhye

University of California
Lawrence Livermore National Laboratory
P. O. Box 5506, Livermore, CA 94550

INTRQDKUQN.

Polystyrene is one of the materials under consideration for the

commercial ICF process. The required shot repetition rate for a commercial

facility is estimated to be of the order of 10 Hz. If machining is selected

to be the method of choice for making the hemlshells, the number of

spherical surfaces needed to be machined per day will be well over three

million, which appears to be an Impractical proposition. In this case,

molding presents ~n acceptable alternative. Although molding will not

eliminate the need for machining, the required machining will be limited to

the flat surfaces that will be bonded,

DEVELQMENT OF APPARATUS

Molding of polystyrene foam$ for ICF ta~-gets ~rnposeson us two
apparently conflicting requirements:

“The material being molded should have low viscosity, so that it can b~

poured into the die without trapping air bubbles; and

.- The emul~ion being molded should be uniform, and have a sm,~ll cell

size. The way to satisfy this requirement is to mix the emulsion well,

which increases its viscosity,

An tmmediate consequt~nc~ of’ the above is that simple m(jl(iln(~ t[’chn!quvs,

prov~n tu be useful for tn,]ny ~y~tt!m$, do not work in thl’i c,~se, A \OW

vl~co~{ty emulsion, which flll~ the di(? r(’,~dilywithout ~~ny Alr t)ut)t)lo~OH

th[~ surfac(?, yll’1(1’,

‘W[)tk 1)~’rt”orlll(!dun(irr
I,)wr(}f~(v IIvvrnlor(lN,it

,1 h I (Jh (’(~11-si~u, nonun Iform I“(){lIll, A W(’11 fo~n](’(i

th[’ Ju’)pl(” P’iof” th(’ (1, f. l)[’p(lrtm[~lltof [npr(jy I)y th(~
011,11IIlhoratory Und(’r”(“[)llt!”[l(tIlunlt)(’rw /40’1III(I4[1.



emulsion, having relatively high viscosity, almost always traps small air

bubbles near the surface if one tries to fill the die with it; injection

molding using flow-through diss is also difficult because the high viscosity

of the emulsion require:. pressure drops well beyond those capable of

breaking, at least partially, the well-formed emuls;on. Another, and more

far-reaching, consequence of this dilemma is that any attempts to separate

the issues of material processing (such as mixing the ingredients and

forming a uniform, low cell-size, emulsion) and fabrication (such as filling

the die while avoiding alr bubbles) are not likely to be very rewarding.

This led us to the development of an integrated processing/mo’!ding

scheme, wherein making and molding of the emulsion proceed simultaneously.

IN this technique, the syringes (used in the syringe pump described in more

detail by Haendler et. al. earlier in this conference) are filled with the

desired amounts of aqueous phase (comprising water and Initiator), and

organic phase (consisting of styrene, di-vinyl-benzene and surfactant), the

dle assembly and a specially designed mixing element (described later) are

placed In between the syringes, and the mixing process is initiated. Figure

1 shows a picture of the syringe pump, the die, and the mixer assembly. The

components of the dle assembly are shown in Figure 2.

The ~rigin;il syringe mixer had to be modified for the molding

application. AS the various components of the system were being dssembledt

air invariably got trapped alongside the process liquids, leading to bulk

and surface imperfections. To eliminate air bubbles, we modified our

operating procedure, whereby the entire die-mixer-and--syringe assembly was

made under wat{’r, and tested for leaks. We also modified the syring~

supports so that the completely assembled ~ystem could be placed and secured

inside them,

To c~t down the pressure drop across the mixing orifice de<rribed in an

earlier sect!on, and theret~y reduce the mixing time wh!le still maint~lninq

ern[]lsionuniformity, we d[’velop(’da new mixlnq element (showfl in Ilguro .!)

(o replace the sin(]lflorlf’ice. Ihls mlx[?r initially (or~taln[’da p[’rfor,lt[ed

pl,~t(?with ,k nun~t)[?tof hol(’s half to on[’ mlll!nl[’t[’rIn dlanl[’t{’r,l(it(’1”011,

WP r[’pl(lr[’dth{~ pl,~tp with ~omm(’r[i~~llynv,~ll,]hltIpt”rtor,~tc[i~~r(~rn’,with

nt)nlln,~lholv dll~mt~tvr:} of ioo” nllcrt~r]f, ll~[t r~~jnll){)r ~,f t,~~l(,l,p(’r ur~it ,IrI1{I
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(and therefore the porosity) in these screens is quite high, which results

in a relatively large cross sectional area for liquid flow, which in turn

results in low pressure drop across the mixer. tie have tried a variety of

combinations of the number of screens and the separation between them. Our

current design uses four screens separated by about one millimeter. The use

of the new mixer has significantly reduced the required mixing time, and

improved the emulsion uniformity.

The material of construction of the die imposes on us some special

requirements. The ideal material should be:

- inert toward the emulsion (it shculd not cherniczlly react with the

emulsion components, and should not cause or aid emulsion breakup);

easily machinable and capable of yielding a smooth surface; and

strong (rigid) enough to obtain the design dimensions and maintain

them during the molding operation.

Metals, while strong and capable of yielding a high quality surface

finish, tend to interact with the emulsion. In the initial experiments, the

part surfaces were invariably pitted, point~ng to ‘localized emufslon breakup

near the die surfaces. Gold plating the d~e surfaces In contact with the

emulslon proved to be only marginally useful. Teflon is an ideal material

from the point of view of Inertness, but is too flexible to maintain

dimensional stability during machining and operation. One way around this

problem IS to use teflcn rigldized by some impregnated materials, such as

ceramic or graphite. We have successfully used both of these, however, our

current material of choice is glass. It is chemically inert toward the

emulsion, rigid, and rapa.ble of yieldtng a highly polished uniform surface.

The particle count of the ambient air has a major Impact on the mold

surface quality. Moving our mold assembling process to a clean bench showed

major Improvements in surface quality. ~vcn be+ter surface uniformity was

obtained when the whole operation was carried out :n a glove Lox where!n the

air was continually clrculate~ througl~ filters.
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picture of another hemisphere to show foam uniformity and cell size.

Figure 4 sho~s that the surface of the part, although uniform in most

places, has identifiable nonuniformitfes in a few places. Also, the surface

is still not uithin the specified target finish of +/- 5 microns. The

surface finish of the die, being slmllar to that of the part, does appear to

be the limiting factor here, In addition, localized breakdown of the

emulsion may also cause larger surface defects.

u.IL!E-pMbs
The major probiem in molding polystyrene parts at the present time

appears to be surface finish. The following are some of the ways of

improving surface quality:

- Continue to reduce the particle loading of the environment during the

assembly of the die system. Similar precautions will be needed for all the

chemicals used in the emulsion.

- Improve the die surface finish by techniques such as diamond

machining, grinding, and lapping.

‘1{



Figure Captions

Figure 1: Syringe Pump/Die/Mixer Assembly

Figure 2: Details of the Die Design

Figure 3: Details of the Mixer Design

Figure 4: Molded Hemispherical Part

Figure 5: SEM Pictures of the Hemisphere Surface and Interior



Modified syringe pump allows for easier assembly u
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Flow through molds prevent trapped air
bubbles and aliow complete filling U!!!l
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New mixer design gives better
mixing uniformity
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Glass die improves surface quality
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Cell size uniformity ~s a key technical issue
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